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TRANSLATOR'S    PREFACE. 


The  present  edition  of  Mr.  Kapp's  work,  published  originally  in 
England,  is  a  translation  of  the  third  German  edition,  which  has 
been  revised  and  much  enlarged  by  the  author.  In  this  edition 
reference  to  stationary  transformers  has  been  omitted,  since  the 
matter  has  been  fully  dealt  with  in  a  separate  work  by  the  author. 

The  third  edition  further  differs  from  the  previous  ones  in  the  more 
thorough  treatment  of  sparking  in  direct-current  machines,  of  magnetic 
leakage,  of  direct-current  armature  windings,  and  of  the  excitation 
and  compounding  of  such  machines. 

The  armature  windings  and  armature  reactions  of  alternators  have 
also  been  much  more  fully  dealt  with.  The  chapters  dealing  with 
rotary  field  motors  and  rotary  converters  are  new,  as  is  also  the  theory 
of  the  hunting  of  parallel-coupled  alternators. 

This  book  is  further  supplemented  from  the  practical  standpoint 
by  the  author's  work  entitled  "  Dynamo  Construction :  Electrical  and 
Mechanical."* 

Mr.  Kapp  has  endeavoured  to  present  the  calculations  in  as  simple 
a  form  as  possible,  and,  above  all,  to  substitute  where  practicable 
graphical  for  analytical  methods,  or  at  least  to  employ  both. 

It  will  be  observed  that  the  book  is  intended  particularly  for 
technical  readers,  and  contains  practical  suggestions  of  great  value, 
enabling  the  problems  which  present  themselves  in  the  design  of 
machines  to  be  dealt  with  with  all  the  accuracy  needed  in  practice. 
On  the  other  hand,  no  extremely  long  calculation  will  be  found  in  it, 
nor  any  not  having  an  immediate  application. 

The  author  regards  the  factors  to  be  taken  into  account  in  the 
design  of  a  dynamo  as  being  too  numerous  to  permit  of  the  intro- 
duction of  all  into  the  calculation,  which  can  consequently  only  be 
an  approximation,  and  considers  it  useless  to  strive  to  attain  a  fancied 
exactitude.  The  author's  methods  and  skill  in  approximations  cannot 
fail  to  appeal  to  technical  readers  of  all  classes. 

THE  TRANSLATOR. 
April,  1902. 


Biggs  and  Co.,  139-140,  Salisbury-court,  London,  E.C, 
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CHAPTER  I. 

Definition  and  Efficiency   of   Dynamo -Electric   Apparatus — 

Measurement    of    Electrical    Energy— Principal    Parts  of    a 

Dynamo— Distinction    between     Dynamo    and    Alternator — 

History  and  Development  of  Dynamo  Machines. 

Definition    and    Efficiency   of    Dynamo-Electric  Apparatus. 

In  its  broadest  sense  the  term  "  dynamo-electric  machine  " 
•denotes  an  apparatus  in  which,  by  the  agency  of  electro- 
magnetic induction,  mechanical  energy  of  rotation  is  converted 
into  the  energy  of  an  electric  current,  or,  inversely,  the  energy 
of  such  current  is  converted  into  mechanical  energy  of 
rotation.  This  definition  holds  good  whether  the  current 
given  out  by  the  machine,  when  driven  by  power  from  a  prime 
mover,  is  always  flowing  in  the  same  direction,  or  is  alter- 
nately flowing  in  opposite  directions ;  it  also  holds  good  for 
.a  machine  which  is  driven  by  a  current  supplied  to  it  from 
some  external  source,  whether  the  current  is  always  flowing 
in  the  same  direction  or  whether  the  direction  of  flow  is 
periodically  reversed.  The  qualification  that  the  mechanical 
energy  forming  the  starting  or  finishing  point  of  the  process 
must  be  energy  of  rotation  is  of  importance  in  order  to 
•exclude  a  class  of  apparatus  which  has  this  in  common 
with  dynamo-electric  machines,  that  their  action  is  based  on 
•electromagnetic  induction.  Thus  any  ordinary  electric  bell, 
a  Morse  telegraph  apparatus,  or  the  Timmis-Forbes  electric 
railway  brake,  are  all  instruments  in  which  the  energy  of 
•electric  currents  is  transformed  into  mechanical  energy,  but 
they  are  obviously  not  dynamo-electric  machines.  On  the 
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other  hand,  the  Wimshurst  electric  machine  is  also  excluded 
by  the  above  definition,  since  in  it  the  agency  by  which 
mechanical  energy  of  rotation  is  converted  into  electric 
currents  is  not  electromagnetic,  but  electrostatic  induction. 
The  limits  within  which  the  term  "dynamo-electric  machine  " 
is  applicable  are  even  with  these  restrictions  still  inconveniently 
wide,  and  for  practical  purposes  a  subdivision  is  necessary. 
The  basis  for  this  subdivision  is  twofold :  first,  whether  the 
conversion  is  from  mechanical  into  electric  energy  or  the 
opposite  ;  secondly,  whether  the  currents  are  direct — that  is, 
flowing  always  in  the  same  direction— or  alternating— that  is, 
flowing  alternately  in  opposite  directions.  We  obtain  thus 
four  classes  of  machines.  These  are  : 

1.  The  dynamo,  in  which  mechanical  energy  of  rotation 

is  converted  into  the  energy  of  a  direct  current. 

2.  The  alternator,  in  which  mechanical  energy  of  rotation 

is  converted  into  the  energy  of  an  alternating  current. 

3.  The  motor,  in  which  the  energy  of  a  direct  current  is 

converted  into  mechanical  energy  of  rotation. 

4.  The   alternate-current    motor,   in   which   the   energy   of 

one   or  more  alternating  currents  is  converted  into 
mechanical  energy  of  rotation. 

Thus  either  of  these  four  types  of  apparatus  has  for  its 
object  the  conversion  of  energy  from  one  form  into  another 
form,  and  it  is  self-evident  that  the  commercial  value  of  the 
apparatus  must  depend,  to  a  certain  extent,  on  the  efficiency 
of  conversion — that  is,  the  ratio  between  the  amount  of 
energy  supplied  to  the  machine  in  one  form  and  the  amount 
obtained  from  it  in  the  other  form.  The  smaller  the  loss 
incurred  in  the  process  of  conversion,  the  better  is  the 
machine.  That  some  loss  must  take  place  in  dynamo- 
electric  machines  may  be  expected  from  analogy  with  other 
mechanical  appliances,  for  there  never  has  been  any  machine 
devised  which  works  without  loss;  but  in  the  class  of  apparatus 
we  are  now  considering,  the  loss  is  smaller  than  in  most  other 
mechanical  appliances.  Thus  it  is  by  no  means  difficult  to 
build  dynamos  which  shall  have  an  efficiency  of  90  per  cent,, 
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whereas  the  best  centrifugal  pumps  scarcely  reach  70  per 
cent,  efficiency,  and  the  best  turbines  85  per  cent.,  whilst 
in  steam-engines  an  efficiency  of  75  per  cent,  is  exceptionally 
high.  If  we  except  such  simple  mechanical  devices  as  spur 
or  belt  gearing,  and  the  like  appliances,  which  serve  for  the 
transmission,  as  distinguished  from  the  transformation,  of 
energy,  then  the  dynamo-electric  machine  is  unquestionably 
the  most  efficient  apparatus  at  present  known  in  mechanics. 

Measurement  of  Electrical  Energy. 

In  this  connection  the  question  naturally  arises  how  the 
efficiency  of  a  dynamo  or  motor  is  to  be  determined.  The 
efficiency  is  the  ratio  of  two  energies,  that  supplied  and 
that  obtained  from  the  machine.  With  one  of  the  forms 
in  which  energy  enters  into  the  process  every  engineer  is 
familiar,  and  there  is  no  special  difficulty  in  accurately 
measuring  it.  If  the  dynamo  is  driven  by  a  steam-engine 
we  can  take  full  load  and  friction  diagrams,  and  thus  ascer- 
tain, with  a  fair  amount  of  accuracy,  what  power -is  actually 
supplied  to  the  dynamo,  or,  better  still,  we  can  measure  the 
power  by  some  form  of  transmission  dynamometer,  and 
thus  eliminate  any  slight  error  which  might  be  due  to  £he 
difference  in  engine  friction  when  running  light  and  loaded. 
Such  measurements  are  perfectly  familiar  to  mechanical 
engineers,  but  when  we  come  to  the  electrical  measurements 
required  at  the  other  end  of  the  process  we  enter  upon  new 
ground.  The  interdependence  of  magneto-electric  and  purely 
mechanical  forces  will  be  considered  in  Chapter  IV.,  but  for 
our  present  purpose  it  will  suffice  if  we  consider  merejy  one 
method  of  measuring  electric  energy.  If  a  current  be  sent 
through  a  wire,  we  observe  that  the  wire  becomes  heated.  The 
heat  developed  is  due  to  the  energy  given  off  by  the  current  in 
overcoming  the  resistance  of  the  wire,  and  since  the  principle 
of  the  conservation  of  energy  must  hold  good  in  electrical  as 
well  as  in  purely  mechanical  or  thermo-dynamic  processes, 
we  conclude  that  the  heat  given  off  by  the  wire  is  an  exact 
measure  of  the  electric  energy  given  off  by  the  current.  The 
heat  developed  per  second  can  be  measured  in  a  calorimeter, 
and  its  mechanical  equivalent  in  foot-pounds,  kilogram- 
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metres,  or  horse-power  ascertained,  and  the  energy  which 
we  thus  obtain  must  obviously  be  that  given  out  by  the 
current  in  the  conductor.  If  at  the  same  time  we  measure 
the  current  and  the  potential  difference  between  the  ends  of 
the  conductor,  we  find  that  with  a  direct  and  steady  current 
the  product  of  the  two  readings  is  proportional  to  the 
number  of  calories  liberated  per  unit  time.  We  may  there- 
fore substitute  for  the  somewhat  cumbersome  and  difficult 
calorimetric  method  of  measurement  the  far  simpler  electrical 
method,  and  say  that  the  energy  developed  by  a  direct,  steady 
current  in  a  conductor  is  measured  by  the  product  of  strength 
of  current  and  difference  of  potential  between  the  ends  of  the 
conductor.  Thus  the  energy  absorbed  by  a  glow  lamp  would 
be  found  by  multiplying  the  voltage  at  which  the  lamp  is  run 
by  the  current  passing  through  it.  In  order  that  the  measure- 
ment may  be  accurate,  it  is  necessary  that  the  conductor  shall 
not  be  under  any  other  electro-dynamic  influence.  It  must 
therefore  not  be  moved  in  the  neighbourhood  of  a  magnet,  nor 
must  a  magnet  be  moved  near  it.  The  reason  is  that  such 
relative  movement  between  a  magnet  and  a  conductor  tends 
to  set  up  in  the  latter  a  current  which  may  either  assist  or 
retard  the  original  current  of  which  the  energy  is  to  be 
measured,  and  the  measurement  would  therefore  be  erroneous 
by  the  amount  of  energy  expended  in  or  obtained  by  the 
movement.  For  the  same  reason,  the  measurement  of  the 
energy  of  an  alternating  current  cannot  always  be  made  in 
the  simple  manner  above  explained  for  direct  currents. 
Under  certain  circumstances  an  alternating  current  acts  upon 
its  own  conductor  somewhat  in  the  same -way  as  a  magnet 
in  motion,  and  in  such  cases  the  product  of  voltage  and 
current  strength  is  greater  than  the  true  energy  transformed 
into  heat.  To  obtain  the  true  energy  when  the  current 
is  alternating  and  the  conductor  has  the  property  of  reacting 
upon  itself,  a  property  commonly  designated  by  the  term 
"  self-induction,"  certain  accessory  measurements  must  be 
made ;  but  it  is  not  necessary  to  enter  into  this  matter  at 
present,  since  it  will  be  dealt  with  at  some  length  in  a 
subsequent  chapter.  Suffice  it  to  say  that  for  steady,  direct 
currents  the  product  of  potential  difference  and  current 
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strength  is  a  true  measure  of  the  energy  given  off.  Potential 
difference,  or  electric  pressure,  is  measured  in  volts,  and 
current  strength  is  measured  in  amperes,  the  product  being 
volt-amperes,  or  watts.  The  interdependence  of  the  watt 
and  the  other  units  of  power  will  be  explained  later  on ; 
for  the  present  we  need  only  note  the  following  relations  : 

One  foot-pound  per  second  =  1*36  watts. 
One  kilogram-metre  „  =  9*81  watts. 
One  English  horse -power  =  746  watts. 
One  metric  horse -power  =  736  watts. 

By  the  aid  of  these  equivalents  we  can  therefore  express  the 
power  of  a  dynamo  in  any  convenient  system  of  mechanical 
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FIG.  i. 


units.  We  measure  the  electric  power  in  watts,  and  convert 
the  latter  into  horse-power  if  the  power  supplied  to  the 
machine  is  given  in  that  measure.  For  instance,  let  the 
current  from  a  dynamo  be  measured  by  an  ampere-meter 
placed  in  circuit.  Let  a  voltmeter  be  connected  close  to  the 
dynamo  across  the  main  wires,  through  which  current  is  being 
supplied  to  a  number  of  lamps,  each  lamp  being  also  connected 
across  the  mains.  Then  by  taking  simultaneous  readings  on 
the  two  instruments  we  can  determine  what  power  is  being 
used  in  the  mains  and  lamps.  The  arrangement  is  diagram- 
matically  shown  in  Fig.  i,  where  D  represents  the  dynamo, 
which  is  connected  by  the  conductors,  Bx  B2,  technically 
termed  "brushes,"  with  the  main  wires,  Mx  M2.  The  main 
M2  is  interrupted  and  an  ampere-meter,  A,  inserted  into  the 
gap,  thus  forcing  the  current  to  flow  through  the  instrument 
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and  be  thereby  registered.  A  voltmeter,  V,  is  connected  by 
a  couple  of  wires  across  the  mains,  and  shows  the  pressure 
under  which  the  current  is  being  sent  into  the  mains  and 
through  the  group  of  lamps,  L.  Say  the  ampere-meter 
registers  140  amperes  and  the  voltmeter  105  volts,  then  we 
conclude  that  the  energy  consumed  in  the  circuit  beyond 
the  points  i  and  2  is  105  x  140  =  14,700  watts,  or  19*72  h.p. 
In  the  same  way  would  be  measured  the  power  supplied  to 
a  motor.  In  this  case  D  would  represent  the  motor  receiving 
current  from  some  source — for  instance,  a  set  of  batteries  — 
which  would  take  the  place  of  the  lamps,  L ;  and  the  power 
which  is  being  supplied  to  the  motor  in  the  form  of  electric 
current,  flowing  under  a  certain  potential  difference  or  pressure, 
can  be  computed  from  the  indications  of  the  two  instruments 
A  and  V. 

We  have  here  shown  how  the  electric  power  given  off  by  a 
dynamo  or  supplied  to  a  motor  can  be  measured. 

Principal  Parts  of  a  Dynamo. 

To  make  such  a  measurement  no  knowledge  of  the  con- 
struction of  the  machine  is  required,  the  experimenter  having 
simply  to  read  the  indications  of  two  instruments  and  make  a 
very  simple  calculation.  We  may,  however,  now  enter  upon 
the  construction  of  these  machines  in  a  general  way  and  give 
an  account  of  their  principal  parts.  For  the  sake  of  brevity, 
the  description  will  be  given  with  reference  to  dynamos, 
leaving  it  to  be  understood  by  the  reader  that  the  different 
parts  are  substantially  the  same  in  motors.  Leaving  aside 
for  the  present  those  parts  which  serve  for  purely  mechanical 
purposes,  there  are  in  a  dynamo  four  main  parts  serving 
electrical  or  magnetic  purposes  —  namely,  field  magnets, 
armature,  commutator,  and  brushes.  The  field  magnets  and 
brushes  are  generally  the  fixed  parts,  whilst  the  armature, 
with  its  commutator,  revolves.  The  currents  are  produced 
by  the  electromagnetic  induction  taking  place  in  certain  wires 
which  are  moved  in  front  of  magnet  poles.  These  wires  form 
part  of  the  armature,  and  are  so  interconnected  that  the  single 
current  impulses  are  added.  They  are  also  connected  with 
the  commutator  upon  which  the  brushes  rub,  and  by  this 
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•means  the  current  is  allowed  to  flow  out  of  and  return  to 
the  armature.  The  object  and  function  of  each  of  the  four 
principal  parts,  is,  therefore,  as  follows:  The  field  magnets 
produce  the  poles,  which  form  the  starting  point  of  the 
process.  In  front  of  these  poles,  or  between  them,  revolves 
the  armature  carrying  wires  in  which  currents  are  generated. 
These  currents  are  grouped  and  directed  by  the  commutator. 
The  brushes,  finally,  have  the  office  of  establishing  suitable 
connections  between  the  fixed  terminal  points  of  the  external 
circuit  and  the  revolving  commutator.  The  above  description 
will  be  made  clearer  by  reference  to  the  drawing  of  a  dynamo, 
and  for  this  purpose  we  select  the  "Victoria"  machine, 
represented  in  Fig.  2. 

This  dynamo  belongs  to  a  class  of  machines  usually  com- 
prised under  the  title  "disc  machines,"  on  account  of  the 
fact  that  the  armature  is  shaped  somewhat  like  a  disc  or 
cylindrical  ring  of  comparatively  large  diameter  and  small 
axial  length.  In  the  side  elevation,  Fig.  2,  the  armature  is 
shown  in  section,  A  representing  the  core  and  W  the  winding. 
The  core  is  composed  of  thin  sheet-iron  strip,  wound  upon  a 
stouter  iron  ring,  R,  which  in  its  turn  is  supported  by  arms 
and  hub,  H,  on  the  shaft.  The  torque  is  transmitted  from  the 
shaft  to  the  wheel,  H,  by  a  key  in  the  usual  way,  and  from 
the  wheel  to  the  core,  A,  by  the  flat  arms,  which  are  arranged 
in  halves  and  drawn  together  by  screw  bolts,  thus  pressing  the 
core  between  them.  For  certain  reasons,  which  need  at 
present  not  be  detailed,  the  core  is  formed,  not  of  one  wide 
iron  strip,  but  of  several  narrow  strips  wound  side  by  side. 
When  completed,  the  core  is  insulated  over  its  whole  surface, 
and  the  armature  conductor,  consisting  of  cotton-covered  wire, 
is  wound  on  it,  the  convolutions  passing  round  the  outside 
and  through  the  inside  between  the  flat  arms.  The  armature 
winding  forms  a  closed  spiral,  which,  for  convenience  of  manu- 
facture, is  subdivided  into  sections,  and  the  points  of  juncture 
between  neighbouring  sections  are  connected  with  neighbour- 
ing plates  in  the  commutator,  C.  These  plates  are  insulated 
from  each  other  and  form  together  a  cylindrical  body,  upon 
the  outer  surface  of  which  the  brushes  rub  for  the  purpose  of 
bringing  into  and  leading  away  from  the  armature  the  currents 
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created  in  its}  convolutions  when  the  latter  pass  in  front  of  the 
pole-pieces,  P  P.  These  pole-pieces  form  the  inner  ends  of 
two  sets  of  magnet  bars  placed  on  either  side  of  the  armature, 
and  connected  at  their  outer  ends  by  yoke  castings,  Y.  Coils 


of  insulated  copper  wire,  M  and  S,  are  placed  over  the  magnet 
cores,  and  the  currents  circulating  in  these  coils  induces 
the  magnetism,  which,  in  its  turn,  induces  currents  in  the 
armature  coils. 
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Distinction  between  Dynamo  and  Alternator. 

Structurally,  an  alternator  does  not  greatly  differ  from  a 
dynamo,  though  electrically  there  are  points  of  radical 
difference  between  the  two  types  of  machines.  This  can 


best  be  seen  by  the  changes  required  to  transform  the  machine 
shown  in  Fig.  2  into  an  alternator.  We  would  have  to 
arrange  the  armature  coils  into  four  distinct  groups  corre- 
sponding with  the  four  poles  of  the  field  magnets.  Coil  i 
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would  be  connected  with  coil  2,  similarly  coil  2  would  be 
connected  with  coil  3,  and  coil  3  with  coil  4,  leaving  the  first 
wire  of  coil  I  and  the  last  wire  of  coil  4  free.  These  free  ends 
of  the  armature  circuit  would  be  connected  with  two  contact 
rings  mounted  on  the  spindle,  but  insulated  from  it  and  from 
each  other.  The  current  would  be  taken  off  these  contact 
rings  by  brushes  in  the  usual  manner.  It  will  now  be  seen  in 
what  particulars  the  dynamo  differs  from  the  alternator.  We 
have  a  system  of  field  magnets  in  both  machines,  also  an 
armature  containing  wire  coils,  but  whereas  in  the  dynamo 
these  coils  are  numerous  and  each  contains  only  a  few  turns, 
and  in  many  cases  only  one  turn  of  wire,  in  the  alternator  the 
number  of  coils  is  only  that  of  the  field-magnet  poles,  but  each 
coil  contains  a  large  number  of  turns  of  wire.  In  the  dynamo, 
the  coils  are  continuously  connected  with  each  other  and  with 
the  sections  of  the  commutator.  In  the  alternator  there  is  no 
commutator,  but  merely  a  pair  of  contact  rings  forming  the 
terminals  of  the  armature  circuit.  In  the  dynamo,  one  coil 
after  another  comes,  so  to  speak,  gradually  into  action  and  as 
gradually  out  of  action,  whereas  in  the  alternator  all  the  coils 
come  simultaneously  and  more  abruptly  into  and  out  of 
action.  Since  it  is  only  a  question  of  the  relative  movements 
between  the  armature  coils  and  field-magnet  poles,  an 
alternator  may  also  be  arranged  so  that  the  armature  shall 
be  stationary  while  the  field  system  rotates,  whereby  the  pro- 
vision of  slip-rings  for  the  collection  of  the  alternating  currents 
is  rendered  unnecessary. 

There  are  other  differences  between  the  two  types  of 
machines,  but  we  must  leave  the  consideration  of  these  to 
future  chapters,  where  we  shall  deal  with  the  theory  and 
practice  of  these  machines  more  in  detail.  For  the  present 
it  will  suffice  if  we  point  out  the  various  purposes  for  which 
dynamos  and  alternators  are  used.  As  regards  the  former, 
they  are  used  for  electric  lighting,  electro-chemical  work, 
thermo-electric  work,  and  electric  transmission  of  energy. 
Alternators  are  as  yet  principally  used  for  lighting  purposes, 
though  the  transmission  of  energy  can  also  be  effected  by 
their  agency.  For  electro-chemical  work  they  have  hitherto 
not  been  used,  and  as  regards  thermo-electric  work,  such 
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as  the  manufacture  of  aluminium  alloys,  there  is  no  reason 
to  doubt  that  alternating  currents  could  be  successfully 
employed,  though  the  bulk  of  the  work  has  hitherto  been 
done  by  direct  currents. 

•  A  point  of  considerable  practical  interest  is  that  concerning 
the  power  of  dynamos  and  alternators.  About  twenty-five 
years  have  elapsed  since  engineers  in  this  and  other  countries 
began  to  turn  their  attention  to  these  machines,  and  within 
that  time  there  has  been  a  steady  growth  in  the  size  and 
power  of  them.  Prior  to  the  Paris  Electrical  Exhibition  of 
1881  there  were  but  very  few  manufacturers  of  dynamo-electric 
machines,  and  the  apparatus  turned  out  by  these  firms  was 
rather  of  the  kind  suited  for  the  laboratory  than  for  the 
workshop.  The  machines  were  of  small  power  and  imperfect 
design,  both  electrically  and  mechanically ;  they  were,  in 
fact,  made,  not  by  engineers,  but  by  electricians  accustomed 
to  manufacture  all  kinds  of  small  electrical  apparatus.  Yet  the 
dynamo  as  a  laboratory  toy  was  then  already  an  old  invention. 
Shortly  after  Faraday  had,  in  1831,  announced  his  great 
discovery  of  electromagnetic  induction,  Pixii  produced 
magneto -electric  machines  for  alternating  and  for  direct 
currents.  He  was  followed  by  a  large  number  of  physicists 
and  scientific  instrument  makers,  whose  improvements  in 
matters  of  detail  form  an  almost  continuous  record  up  to 
the  year  1864,  when  Pacinotti  made  his  great  invention  of 
the  closed  armature  circuit  and  commutator  as  now  used. 
The  first  actual  dynamos  with  self-induction  were,  however, 
constructed  after  Siemens,  in  the  year  1867,  discovered  the 
principle  of  dynamo  -  electric  machinery,  whereby  it  was 
rendered  possible  to  construct  machines  of  the  outputs 
customary  to-day.  Gramme  in  1870  reinvented  Pacinotti's 
discovery,  and  being  a  skilled  workman  was  able  to  at  once 
give  practical  shape  to  his  invention  in  the  dynamo  which 
bears  his  name,  and  which  has  become  the  prototype  of  all 
dynamos  with  closed-coil  armatures.  The  Gramme  machine 
was  shown  in  1873  at  the  Vienna  Exhibition,  where  there 
were  also  on  view  alternators  for  use  in  lighthouses,  but 
these  machines  attracted  the  attention  of  engineers  to  only 
a  limited  extent. 
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It  was  after  the  invention  of  the  glow  lamp,  and  after 
the  Paris  Exhibitions  of  1878  and  1881,  when  the  engineering 
profession  began  to  realise  that  there  was  an  enormous  field 
for  the  commercial  application  of  apparatus  which  had  until 
then  only  been  used  for  scientific  purposes  in  the  laboratory, 
or  practically  used  in  isolated  instances,  that  engineers  took 
up  the  manufacture  of  dynamos  as  a  regular  trade.  The 
power  of  machines  was  at  first  very  small,  since  they  were 
generally  required  for  isolated  private  electric  light  installa- 
tions, which  were  naturally  of  a  limited  character.  Gradually, 
however,  when  confidence  in  the  electric  light  brought  about 
its  adoption  in  mills,  factories,  and  other  large  establishments 
the  size  of  the  machines  became  larger,  and  this  tendency 
has  been  further  strengthened  by  the  establishment  of  central 
electric  light  stations.  The  power  of  modern  dynamos  and 
alternators  is  reckoned  by  hundreds  of  horse-power,  and  in 
some  cases  by  thousands.  In  nearly  all  the  newer  central 
stations  in  the  large  towns  machines  are  found  designed 
for  outputs  up  to  500  h.p.  For  the  Deptford  station 
Mr.  Ferranti  built  alternators  designed  to  give  out  1,500  h.p. 
of  electric  energy,  and  still  larger  machines  intended  for 
an  output  of  10,000  h.p.  were  projected,  but  although 
these  latter  were  commenced,  their  construction  was  never 
completed. 

Among  other  machines  which  provided  energy  for  lighting 
purposes  at  the  Chicago  Exhibition  were  more  than  ten 
having  an  individual  output  of  1,000  h.p.  Since  then 
machines  of  1,000  h.p.  and  1,500  h.p.  have  become  of 
frequent  occurrence  in  German  practice,  while  steam  alter- 
nators of  4,000  h.p.,  similar  in  type  to  the  set  of  that 
capacity  exhibited  by  the  Allgemeine  Elektricitats-Gesell- 
schaft  at  the  Paris  Exhibition  of  1900,  have  already  been 
installed  in  several  of  the  Berlin  central  stations. 

The  power  of  machines  required  for  other  than  lighting 
purposes  is  also  constantly  on  the  increase.  As  an  instance, 
we  may  take  the  application  of  the  dynamo  to  the  trans- 
mission of  energy.  The  transmission  plant  of  50  h.p., 
between  Kriegstetten  and  Solothurn,  Switzerland,  which 
was  erected  some  years  ago,  was  then  considered  an  under- 
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taking  of  considerable  magnitude,  but  now,  in  countries 
rich  in  water  power,  installations  which  transmit  hundreds 
and  thousands  of  horse-power  are  no  longer  rare.  The 
largest  of  these  installations  is  that  of  the  Niagara  Falls, 
which  has  been  in  operation  since  1894.  The  original 
scheme  provides  for  the  ultimate  utilisation  of  50,000  h.p. 
of  the  total  power  available,  by  means  of  dynamo  machines 
of  5,000  h.p.  capacity  each.  In  Rheinfelden  a  plant  has 
been  put  down  to  utilise  15,000  h.p  There  also  exist  in  all 
civilised  countries  many  central  stations  which  supply  energy 
for  traction  purposes,  and  whose  individual  outputs  must  be 
reckoned  in  hundreds,  and  frequently  thousands,  of  horse- 
power. 

Similarly,  we  find  that  the  machines  required  for  electro- 
chemical and  thermo-electric  work  are  of  considerable  size. 
When  storage  batteries  are  used  in  central-station  lighting, 
the  charging  dynamos  are  seldom  of  less  than  200  h.p.  output, 
while  large  machines  are  also  required  in  the  manufacture  of 
storage  cells,  the  purification  of  copper,  and  other  processes. 
As  regards  thermo-electric  work,  it  is  interesting  to  note 
that  the  current  required  in  the  electric  furnace  represents 
a  very  considerable  energy.  Thus,  at  the  Cowles  Aluminium 
Works,  at  Milton,  the  energy  necessary  to  work  the  furnace 
is  about  400  h.p.,  whilst  that  required  for  the  Herault 
furnace,  at  the  Neuhausen  Works,  is  between  300  h.p.  and 
400  h.p. 

We  see,  therefore,  that  in  all  branches  of  heavy  electrical 
engineering  the  tendency  of  the  present  time  is  in  the  direction 
of  large  and  powerful  machines,  such  as  can  only  be  produced 
in  engineering  shops  fitted  with  large  tools  and  modern 
appliances.  We  also  see  that  to  turn  out  apparatus  of  such 
magnitude  by  the  use  of  haphazard  or  rule-of-thumb  methods 
of  construction  is  out  of  the  question. 

To  ensure  success,  the  electrical  engineer  of  our  day  must 
thoroughly  understand  the  scientific  principles  involved  in 
dynamo-electric  machines,  and  must  be  careful  to  employ  only 
the  best  materials  and  workmanship. 
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CHAPTER   II. 

Scope  of  Theory — The  Magnetic   Field— Strength  of    Field — 

Units  of  Measurement -Physical  and  Mathematical 

Magnets— Field  of  a  Mathematical  Pole. 

General  Scope  of  the  Theory  of  Dynamo- Electric  Machines. 

The  working  of  dynamos,  alternators,  and  transformers  is 
based  on  electromagnetic  induction,  and  before  we  attempt 
to  establish  a  working  theory  of  any  such  machine  it  is 
necessary  to  investigate  the  general  principles  on  which  the 
theory  must  be  based.  We  must  for  this  purpose  consider 
the  interaction  of  magnets  and  electric  currents,  the  general 
character  and  magnitude  of  the  mechanical  forces  resulting 
from  or  causing  such  interaction,  and  the  general  relations 
existing  between  mechanical  and  electromagnetic  forces  and 
energies.  It  would  be  beyond  the  scope  of  the  present  book, 
which  is  primarily  intended  for  practical  engineers,  to  give 
a  complete  theory  of  electro-dynamics.  For  this  the  reader 
must  go  to  the  works  of  Clerk  Maxwell,  Mascart  and  Joubert, 
Lord  Kelvin,  Lord  Rayleigh,  Oliver  Lodge,  Oliver  Heaviside, 
Wiedemann,  Wiillner,  and  others.  No  single  author  has 
treated  the  subject  completely,  but  by  referring  to  the  writings 
of  several,  the  reader  may  be  able  to  collect  what  may  be 
called  a  tolerably  complete  theory  of  the  subject.  This 
would,  of  course,  involve  a  considerable  amount  of  labour, 
and  would  require  a  degree  of  mathematical  skill  not  usually 
possessed  by  practical  engineers.  It  is,  however,  fortunately 
not  necessary  to  establish  or  understand  a  theory  in  all  its 
minute  details  in  order  to  apply  it  to  a  useful  purpose. 
Excellent  steam-engines  have  been  and  are  being  built  by 
men  who  have  never  read  a  word  of  the  writings  of  Carnot, 
Clapeyron,  Clausius,  Joule,  or  Helmholtz,  but  who  have 
nevertheless  thoroughly  grasped  the  chief  thermo- dynamic 
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principles,  and  have  understood  how  to  apply  them.  It  is 
the  same  with  electro-dynamics.  Very  few,  if  any,  of  the 
successful  designers  of  dynamos  have  found  it  necessary  to 
first  master  the  writings  of  Maxwell  before  attempting  the 
construction  of  machines.  They  nevertheless  profited  by 
the  thoughts  of  Maxwell  and  similar  men,  but  only  after 
the  information  contained  in  their  books  had  filtered  down 
to  them  through  the  medium  of  more  popular  expounders 
of  the  theory  aided  by  practical  experiment.  In  attempting 
to  establish  a  working  theory  of  dynamo-electric  machinery, 
or  rather  in  setting  forth  the  rules  and  formulae  now  used 
by  the  designers  of  such  machines,  we  shall  therefore  not 
follow  the  lead  of  the  pioneers  in  science  so  much  as  that 
of  their  more  popular  expounders  and  that  of  practical 
experience.  The  treatment  will  thus  necessarily  lack  that 
mathematical  elegance  of  which  the  scholastic  mind  is  so 
fond,  but,  on  the  other  hand,  it  will  be  more  easily  grasped 
and  adopted  by  the  practical  engineer  who  works  as  much 
by  the  aid  of  his  mechanical  instinct  as  by  that  of  science. 

The  Magnetic  Field. 

If  we  lay  a  straight  bar  magnet  upon  the  table  and  explore 
the  space  surrounding  it  by  means  of  a  compass  needle,  N, 
Fig.  3,  we  find  that  the  needle  takes  up  at  every  point  in 
the  vicinity  of  the  magnet  a  perfectly  definite  position.  In 
the  diagram,  the  north  pole  of  the  bar  (that  is,  the  end 
which,  if  the  bar  were  freely  suspended,  would  point  to  the 
geographical  north)  is  shaded,  as  is  also  the  north  pole  of 
the  needle.  The  direction  at  which  the  needle  sets  itself  in 
any  point  is  such  as  to  make  its  south  pole  point  more  or 
less  directly  to  the  north  pole  of  the  bar,  whilst  its  north 
pole  points  more  or  less  directly  to  the  south  pole  of  the 
bar,  the  exact  position  being,  so  to  speak,  the  best  com- 
promise the  needle  can  make  in  order  to  satisfy  the  different 
attractions  and  repulsions.  Let  us  assume  the  bar  placed 
on  a  sheet  of  paper,  and  on  the  paper  a  line,  a  b,  drawn 
in  such  a  way  that  if  the  needle  be  shifted  along  that  line 
its  axis  shall  at  all  points  be  tangential  to  it.  As  it  would 
be  difficult  to  hit  off  the  correct  line  without  having  any- 
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thing  to  guide  us,  let  us  resort  to  the  following  device.  Let 
us  take  a  long  and  thin  steel  wire,  W,  magnetised  north  at 
its  lower  and  south  at  its  upper  end,  and  suspend  the  same 
over  a  piece  of  paper  in  such  manner  that  its  lower  end 
just  touches  the  surface  of  the  paper.  We  shall  now  be 
able  to  let  the  lower  end  of  the  wire  mark  on  the  paper 
curves  of  the  kind  above  mentioned,  provided  the  suspension 
leaves  the  wire  sufficient  freedom  of  movement.  It  is  as 


though  the  magnetic  forces  of  attraction  and  repulsion  acted 
along  these  curves,  which  have  therefore  received  the  name 
of  "  lines  of  force."  These  lines  will  be  found  not  only  in 
the  plane  of  the  paper,  but  in  the  whole  of  the  space  sur- 
rounding the  magnet,  and  their  entirety  is  comprised  under 
the  name  of  "magnetic  field."  We  therefore  define  the 
magnetic  field  as  a  space  within  which  can  be  traced  magnetic 
lines  of  force.  The  magnetic  field  of  a  steel  magnet  has  an 
inner  boundary  formed  by  the  surface  of  the  magnet,  but  it 
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has  no  definite  outer  boundary.  The  action  on  our  exploring 
wire,  W,  becomes  weaker  and  weaker  as  we  go  away  from 
the  magnet,  but  there  is  no  definite  limit  within  which  lines 
of  force  could  not  be  detected  providing  the  exploring 
apparatus  were  delicate  enough.  Another  method  of  render- 
ing the  lines  of  force  visible  consists  in  placing  a  sheet 
of  paper  over  the  magnet  and  sprinkling  iron  filings  upon  it. 
We  then  see  that  the  filings  arrange  themselves  as  in  Fig.  4. 
They  are  densest  near  the  poles,  and  become  more  sparse 


FIG.  4. 

at  a  distance  from  them.  We  find  accordingly  that  the 
lower  end  of  our  exploring  wire  is  strongly  repelled  when 
close  to  the  north  pole,  and  equally  strongly  attracted  when 
close  to  the  south  pole  of  the  magnet,  whilst  the  forces 
acting  on  it  in  intermediate  positions  are  smaller.  The  efid 
of  the  wire  in  moving  along  the  line  c  d  (Fig.  5)  is  doing 
mechanical  work,  and  the  amount  of  work  performed  by 
a  unit  pole  in  the  transition  from  one  point  of  the  curve 
to  the  other  represents  the  difference  of  magnetic  potential 
between  these  two  points.  It  is  useful  to  note  that  the 
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amount  of  work  is  independent  of  the  path  traversed  by 
the  exploring  pole,  provided  the  starting  and  terminating 
points  remain  the  same.  If  the  latter  be  constrained  to 
move  in  any  circuitous  route,  work  may  be  absorbed  and 
given  off  at  different  parts  of  its  journey ;  but  if  we  deduct 
the  work  absorbed  from  that  given  off,  we  find  that  the 
difference  represents  exactly  the  work  which  would  have 
been  given  off  had  we  permitted  the  exploring  pole  to 
travel  along  the  line  of  force  on  which  it  was  originally 
set.  Thus  let,  in  Fig.  5,  the  exploring  pole  be  set  down 
on  the  point  a  in  the  line  of  force  N,  a,  d,  e,  S,  and  instead 
of  allowing  it  to  move  along  this  line  constrain  it  to  move 


towards  6,  then  to  c,  d,  and  finally  to  e.  The  journey  a  b 
will  be  performed  against  the  repulsion  of  N  upon  the 
exploring  pole,  and  work  will  therefore  have  to  be  done 
upon  the  latter.  The  journey  b  c,  on  the  other  hand,  will 
yield  work,  for  the  point  moves  more  or  less  in  the  direction 
in  which  it  is  impelled  by  the  magnet.  During  the  journey 
c  d  work  is  neither  done  upon  the  exploring  pole  nor  given 
off  by  it,  since  it  moves  at  right  angles  to  all  the  lines 
of  force  which  it  passes.  That  this  must  be  so  can  easily 
be  seen  from  the  consideration  that  work  is  the  product 
of  two  factors  —  namely,  force  and  movement  in  the 
direction  or  exactly  opposite  to  the  direction  of  the 
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force.  In  other  words,  in  calculating  the  work  we  must 
only  take  account  of  that  component  of  the  motion  which 
coincides  at  any  moment  with  the  direction  of  the  force, 
and  when  the  motion  throughout  takes  place  at  right  angles 
to  all  the  forces,  then  the  component  which  forms  one 
factor  in  the  work  is  zero,  and  therefore  the  whole  work  is 
zero.  If  no  work  is  done  or  obtained  in  the  transition 
between  two  points  of  the  field,  these  two  points  must 
obviously  have  the  same  magnetic  potential — that  is,  must 
be  equipotential  points.  We  can  imagine  an  infinite  number 
of  such  points  forming  a  surface  which  cuts  all  the  lines  of 
force  at  right  angles,  and  an  exploring  pole  moved  in  any 
way  along  such  a  surface  will  neither  absorb  nor  give  off 
work.  Such  a  surface  cutting  all  the  lines  of  the  field  at  right 
angles  is  called  an  equipotential  surface. 

Thus,  in  a  dynamo,  the  surface  of  the  pole-piece  or  that 
of  the  armature  core  as  far  as  it  lies  within  the  pole-piece 
are  equipotential  surfaces.  We  can  move  an  exploring  pole 
along  either  surface  or  along  any  intermediate  surface  equi- 
distant from  the  polar  or  armature  surface  without  receiving 
or  doing  work.  If,  however,  we  move  the  exploring  pole 
from  one  surface  to  the  other,  we  must  either  do  work  or 
obtain  work.  The  space  between  the  poles  and  armature 
core  of  a  dynamo,  even  before  the  core  is  wound,  is  so 
confined  that  the  experiment  here  described  cannot  easily 
be  performed,  to  say  nothing  of  the  additional  difficulty  that 
in  so  intense  a  field  the  polarity  of  our  exploring  magnet 
would  easily  be  reversed.  In  a  somewhat  more  imperfect 
or  rough-and-ready  manner  the  experiment  can,  however, 
on  any  dynamo  be  very  easily  performed  as  follows:  Take 
a  key  or  spanner  in  your  hand,  and  approach  with  it  the 
back  of  one  of  the  pole-pieces.  The  piece  of  iron  will  Jbe 
strongly  attracted  to  the  surface  of  the  pole,  and  stick  out 
from  it  self- sustained  if  allowed  to  actually  corpe  into 
contact.  The  piece  of  iron  has  become  an  exploring 
magnet,  the  end  touching  the  pole-piece  of  the  machine 
assuming  the  opposite  polarity  to  it,  and  the  end  pointing 
away  the  same  polarity.  If  we  rotate  the  iron  bar  about 
its  point  of  contact,  so  as  -to  bring  its  outer  end  nearer  to 
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the  surface  of  the  machine  pole,  we  find  that  energy  must 
be  expended,  which  the  bar  will  give  out  again  if  allowed 
to  return  to  its  natural  position  of  sticking  out  straight 
from  the  surface.  If,  however,  we  displace  the  bar  parallel 
to  itself,  we  find  that  apart  from  friction  there  is  no  resistance 
to  the  movement.  Either  end  of  the  bar  is  in  this  case  moved 
along  an  equipotential  surface,  and  consequently  no  work  is 
being  expended  or  received. 

Returning  now  to  Fig.  5,  we  have  seen  that  no  work  is 
performed  in  the  journey  from  c  to  d.  In  the  journey  from 
d  to  e  the  exploring  pole  gives  off  work  because  moving  along 
a  line  of  force.  Now,  it  can  easily  be  shown  that  the  total 
amount  of  work  given  off  by  the  exploring  pole  during  its 
journey  from  a  to  e  is  independent  of  the  particular  route 
traversed,  and  only  depends  on  the  difference  of  magnetic 
potential  between  the  two  points  a  and  e.  We  need  for  this 
purpose  only  imagine  that  a  movement  taken  slantingly  across 
the  lines  of  force  consists  in  a  large  number  of  minute  steps 
taken  alternately  along  and  at  right  angles  to  the  lines  of 
force.  The  steps  at  right  angles  do  not  count  as  far  as  the 
performance  of  work  is  concerned,  and  the  final  result  is  the 
same  as  if  all  the  steps  had  been  taken  along  lines  of  force. 
Thus,  the  work  done  by  the  exploring  pole  in  moving  in  a 
straight  line  from  a  to  g  is  precisely  the  same  as  that  which 
would  be  done  if  the  pole  were  first  to  travel  along  the  equi- 
potential line  af,  and  then  from  ftog  along  a  line  of  force. 
If  the  exploring  pole  be  of  unit  strength,  this  work  represents 
the  difference  of  potential  between  a  and  g. 

Strength  of  Field. 

In  exploring  the  field  of  a  magnet,  as  shown  in  Fig.  3,. 
we  find  that  the  forces  acting  upon  the  exploring  pole  vary 
with  its  position.  The  nearer  the  point  of  the  wire,  W,  is 
to  one  of  the  poles  or  ends  of  the  bar,  M,  the  greater  is  the 
attractive  force,  and  the  nearer  it  is  to  the  other  end,  the 
greater  is  the  repulsive  force.  Thus,  although  the  exploring 
pole  may  travel  from  the  north  to  the  south  pole  of  the  bar 
along  the  same  line  of  force,  the  actual  amount  of  the  force 
exerted  upon  it  varies  from  point  to  point.  If  we  investigate 
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the  variation  of  magnetic  force  with  reference  to  Fig.  4,  which 
shows  the  lines  of  force  as  revealed  by  the  natural  arrange- 
ment of  iron  filings,  we  find  that  the  lines  are  densest  in  the 
neighbourhood  of  the  poles,  and  the  less  dense  the  farther 
away  we  go  from  the  poles.  The  density  of  the  lines  is,  in 
fact,  a  measure  for  the  force  acting  upon  the  exploring  pole 
in  different  parts  of  the  field.  This  relation  between  density 
of  lines  and  magnetic  force  has  led  to  the  conclusion  that  the 
one  is  a  function  of  the  other;  and  it  has  become  usual  to 
•express  the  force  exerted  upon  an  exploring  pole  in  a  given 
part  of  a  magnetic  field  as  due  to  a  density  oT  so  many  lines 
of  force  per  square  centimetre  of  the  cross-section  taken  at 
right  angles  to  the  flow  of  lines  at  that  part  of  the  field. 
When  we  define  the  strength  of  field  between  the  poles  and 
armature  of  a  dynamo  as  5,000  C.G.S.  units,  we  mean  thereby 
that  through  each  square  centimetre  of  the  intervening  space 
there  pass  5,000  times  as  many  lines  as  pass  through  each 
square  centimetre  of  a  space  in  which  unit  force  is  exerted 
upon  a  unit  exploring  pole.  It  is,  therefore,  only  necessary 
to  agree  upon  the  units  to  be  adopted,  and  we  are  at  once 
able  to  numerically  define  the  strength  of  a  magnetic  field  at 
any  point. 

In  this  connection  it  is,  however,  necessary  to  guard  against 
a  misconception  which  might  arise  from  a  too  narrow  or 
strictly  literal  interpretation  of  the  lines  of  force  theory. 
This  theory,  as  far  as  it  applies  to  magnetism,  is  due  to 
Faraday,  who  adopted  it  as  a  natural  and  simple  way  of 
accounting  for  magnetic  phenomena,  without,  however, 
ascribing  to  the  lines  any  actual  physical  existence.  With 
this  reservation  there  is  no  danger  of  misconstruing  Faraday's 
conception,  but  if  we  look  upon  lines  of  force  as  if  each  were 
a  physical  entity,  having  a  definite  dimension,  occupying  a 
definite  position  and  exerting  a  definite  force,  the  theory 
breaks  down  altogether.  To  show  that  this  is  so  we  have 
only  to  consider  what  must  be  the  arrangement  of  lines  in, 
say,  a  unit  field.  According  to  the  theory  there  would  in 
such  a  field  be  one  line  to  each  square  centimetre  of  sectional 
area  of  the  field,  each  line  exerting  unit  mechanical  force  upon 
unit  pole  placed  on  it.  The  unit  pole  being  a  mathematical 
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point,  and  the  line  of  force  having  no  other  dimension  than 
length,^mathematical  precision  would  be  required  to  get  the 
pole  exactly  |on  to  the  line.  To  one  such  position  of 
coincidence  there  is  an  infinite  number  of  positions  in 
which  the  two  will  not  coincide,  if  we  assume  that  the 
position"  of  each  line  in  space  is  fixed  at  the  centre  of  its 
own  square.  Experiment  shows  that  the  magnetic  force  is 
exerted  upon  the  pole  not  only  at  certain  points,  but  at 
all  pointsjof  the  field,  and  to  explain  this  we  would  have 
to  assume  that  each  line  of  force,  though  an  entity  and 
limited  to  its  own  square,  is  free  to  shift  within  that  square 
in  any  way  necessary  to  pick  up  our  unit  pole.  This 
explanation,  clumsy  as  it  is,  would  suffice  to  account  for 
the  properties  of  the  field  if  investigated  by  one  unit  pole 
only,  but  it  breaks  down  if  we  imagine  the  investigation 
made  by  the  aid  of  two  poles  less  than  i  cm.  apart, 
for  both  poles  are  equally  influenced  by  the  field.  The 
idea  that  a  line  of  force  is  a  physical  entity,  pulling  at 
a  magnet  Jpole  ,as  an  elastic  thread  may  pull  at  a  heavy 
body,  is  therefore  quite  untenable. 

A  more  « satisfactory,  though  by  no  means  complete, 
representation  of  the^magnetic  field  is  by  means  of  a  liquid 
mass  in  motion.  Imagine  the  magnet  represented  by  a 
tube,  in  the  centre  of  which  there  is  a  screw  pump,  and 
let  the  tube  be  immersed  in  water  whilst  the  pump  is 
rotated.  The  water  will  issue  at  one  end,  flow  in  curved 
stream-lines  and  with  varying  velocity  round  'the  tube,  and 
enter  it  again  at  the  other  end.  The  unit  exploring  pole 
we  replace  by  a  disc  of  unit  surface,  which  we  place  into 
various  positions  ^within  the  space  surrounding  the  tube, 
and  thus  measure  the  force  of  the  stream  at  any  point. 
This  analogy  is  imperfect,  because  the  force  exerted  by  the 
water  varies,  not  as  the  velocity,  but  as  the  square  of  the 
velocity.  Assuming,  however,  that  the  former  be  the  case,, 
then  such  a  model  can  in  a  somewhat  crude  fashion  be 
made  to  represent  the  magnetic  field.  We  may  think  of 
the  lines  of  force,  not  as  a  definite  number  of  fixed  lines 
threading  through  the  space  which  separates  the  two  poles 
of  the  magnet,  but  as  the  stream-lines  of  a  kind  of  magnetic 
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fluid  circulating  through  this  space.  Near  the  poles  of  the 
magnet  the  stream  is  contracted,  and  the  velocity  therefore 
great.  In  these  places  the  force  of  impact  of  the  magnetic 
fluid  upon  the  exploring  pole  is  a  maximum,  whilst  farther 
away  from  the  poles,  where  the  velocity,  consequent  upon 
the  expansion  of  the  stream,  is  less,  the  force  of  impact  is 
also  less.  In  this  manner  can  be  explained  the  variation  of 
magnetic  force  as  we  move  the  exploring  pole  into  different 
parts  of  the  [field,  and  the  fact  that  a  magnetic  field  taken 
by  itself  represents  a  definite  amount  of  stored-up  energy. 
The  conception  of  magnetic  stream-lines  is  thus  preferable 
to  that  of  the  rigid  lines  of  force,  and  is  indeed  now  generally 
adopted.  Though  we  speak  of  a  field  of  so  many  lines  per 
square  centimetre,  we  understand  by  this  that  the  flow  of 
force  is  so  many  times  that  existing  in  a  unit  field,  and  the 
reader  is  asked  to  put  this  interpretation  upon  the  term 
"lines  of  force"  wherever  this  term  occurs  in  this  book. 

Units  of  Electromagnetic  and  Dynamic  Measurements. 

Force. — Every  system  of  physical  measurement  must  be 
based  upon«the  three  fundamental  units  of  mass,  length,  and 
time,  and  the  different  systems  vary  only  in  so  far  as  the 
absolute  magnitude  of  these  fundamental  units  and  their 
corresponding  numerical  values  may  differ.  Thus,  in  the 
English  system  of  measurement,  a  force  of  i  Ib.  is  that 
force  which  if  applied  for  i  second  to  the  mass  of  i  Ib- 
will  give  it  an  acceleration  equal  to  that  of  gravity,  or, 
say,  32*2  ft.  per  second.  In  the  metric  system,  the  force 
of  i  kg.  is  similarly  defined  as  that  force  which,  if  applied 
for  i  second  to  the  mass  of  i  kg.*1,  will  give  it  an 
acceleration  equal  to  that  of  gravity,  or,  say,  9*81  m.  per 
second.  In  both  systems  the  term  "  force "  is  similarly 
defined,  but  the  units  are  of  different  magnitude,  though 
identical  in  kind.  For  electro-dynamic  measurements  it  is 
customary  to  reckon  forces  in  a  much  smaller  unit  thari 
either  the  pound  or  the  kilogramme.  This  unit  force  is 
obtained  by  adopting  the  centimetre  as  the  fundamental1 

1  When  weights  are  used  to  express  forces  .they  will  be  indicated  by  an  asterisk. 
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unit  of  length,  the  gramme  as  the  fundamental  unit  of  mass, 
and  the  second  as  the  fundamental  unit  of  time.  Measure- 
ments of  forces  and  all  other  physical  quantities  which  are 
based  upon  these  fundamental  units  are  said  to  be  given  in 
the  centimetre-gramme-second,  or,  briefly,  in  the  C.G.S. 
system.  Thus,  if  we  are  told  that  a  certain  force  has  the 
value  20  in  the  C.G.S.  system,  we  know  that  it  is  a  force 
which,  acting  for  i  second  upon  the  mass  of  i  grm.,  will 
give  it  an  acceleration  of  20  cm.  per  second  ;  or  if  acting 
for  i  second  upon  the  mass  of  4  grm.,  will  give  it  an 
acceleration  of  5  cm.  per  second ;  or  if  acting  for  the 
twentieth  part  of  a  second  upon  the  mass  of  i  grm.,  will 
give  it  an  acceleration  of  i  cm.  per  second.  A  force  of  i, 
or  unit  force,  will  similarly  be  denned  as  that  force  which, 
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FIG.  6. 

acting  upon  the  mass  of  i  grm.  for  i  second,  will  accelerate 
its  velocity  by  i  cm.  per  second.  Fig.  6  may  serve  to  clearly 
explain  this  relation.  Let  a  weight  of  980  milligrammes  slide 
absolutely  without  friction  upon  a  table.  Attach  to  this 
weight  a  perfectly  weightless  and  flexible  cord,  which  is  taken 
over  ^  pulley,  R,  and  to  the  lower  end  of  the  cord  attach  a 
weight  of  i  milligramme.  Let  the  pulley  have  no  mass,  and 
turn  without  friction.  The  only  force  acting  upon  the  system 
is  that  of  gravity,  which  tends  to  pull  the  small  weight  down 
and  the  large  weight  forward  on  the  table.  If  the  large  weight 
were  not  attached  to  the  cord,  the  small  weight  would  fall 
with  an  acceleration  of  981  cm.  per  second,  but  as  the 
total  mass  to  be  set  in  motion  is  981  times  as  great,  the 
acceleration  will  only  be  i  cm.  per  second.  Now,  let  us 
increase  both  weights  in  the  same  proportion,  namely,  the 
large  weight  from  980  milligrammes  to  1,000  milligrammes — 
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that  is,  to  i  grm.  —  and  the  small  weight  from  i  milligramme 
to  1,000  ;  980  =  1*0204  milligrammes.  By  the  proportional 
increase  of  both  weights  we  have  not  altered  the  acceleration, 
which  is  still  i  cm.,  and  as  the  force  which  produces  this 
acceleration  in  the  large  weight  passes  through  the  cord,  we 
find  that  the  tension  in  this  cord  represents  exactly  unit  force 
in  the  C.G.S.  system. 

Engineers  are  in  the  habit  of  expressing  forces,  not  as  the 
cause  of  acceleration  in  a  given  mass,  but  simply  as  so  many 
pounds,  or  grammes,  or  tons,  whichever  unit  is  most  con- 
venient. To  express  the  magnitude  of  unit  force  in  our  cord 
in  this  manner,  we  have  only  to  ascertain  how  much  of  the 
small  weight  is  actually  transmitted  in  the  shape  of  a  pull  in 
the  cord.  It  is  obvious  that  the  whole  of  the  small  weight 
cannot  be  so  transmitted  unless  the  small  weight  is  at  rest, 
but  as  the  small  weight  is  moving  downwards  with  an 
accelerated  speed,  the  force  corresponding  to  the  acceleration 
is,  so  to  speak,  taken  off  the  cord,  and  only  the  difference 
between  the  weight  and  the  force  required  to  accelerate  that 
weight  is  transmitted.  The  small  weight  is  1*0204  milli- 
grammes, and  its  acceleration  is  i  cm.  per  second,  whilst 
that  due  to  gravity  is  981  cm.  per  second.  The  force  which 
reaches  the  cord  is  therefore  that  corresponding  to  an 
acceleration  of  980  cm.,  or 

i  '0204  x  2J?  =  roi9359  milligrammes.* 


We  thus  find  that  in  a  locality  where  the  acceleration 
of  gravity  is  981  cm.,  unit  force  may  be  represented  by 
the  weight  of  1*019359  milligrammes.*  The  reference  to 
gravity  is  necessary,  as  can  easily  be  seen  if  we  go  through  a 
calculation  similar  to  the  above,  but  made  on  the  supposition 
that  the  acceleration  due  to  gravity  is  different.  As  a  matter 
of  fact,  such  differences  exist  even  on  our  planet,  but  the 
differences  are  small.  Suppose,  however,  that  there  were  on 
this  earth  a  spot  in  which  the  acceleration  of  gravity  is  only 
half  that  assumed  in  our  previous  calculation.  This  would 
not  alter  the  magnitude  of  unit  force  as  defined  by  unit 
mass  and  unit  acceleration,  and  which  could  be  recorded 
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in  precisely  the  same  manner  by  a  spring  balance  at  all 
points  of  the  earth,  but  it  would  alter  the  equivalent  weight, 
We  should  find  that  unit  force  in  this  case  would  be 
represented  by  the  downward  pull  of  a  weight  of  2*038718 
milligrammes — that  is,  twice  the  weight  as  before.  In 
expressing  unit  force  as  the  dead  weight  of  1*019359 
milligrammes,  it  is  therefore  necessary  to  remember  that  the 
relation  only  holds  good  for  those  localities  in  which  the 
acceleration  of  gravity  is  981  cm.  per  second. 

Unit  force  as  thus  defined  is  called  a  "  DYNE,"  and  we  may 
therefore  say  that  the  force  of  a  dyne  is  in  our  latitudes 
represented  by  the  weight  of  1-019359  milligrammes,*  or 
approximately  by  a  weight  2  per  cent,  greater  than  that  of 
a  milligramme.  From  this  we  find  the  following  relations : 

One  gramme*     ...  =  981  dynes. 

One  kilogramme*  =  981,000  dynes. 

One  pound*       ...  =  444,980  dynes. 

One  ton*     =  996,752,240  dynes. 

Activity  or  Power.— Having  now  defined  the  unit  of  force, 
we  must  next  go  through  a  similar  process  to  define  the  unit 
of  activity  or  power.  Obviously,  unit  work  is  done  if  the 
force  of  i  dyne  acts  through  the  distance  of  i  cm.,  and 
if  this  work  be  performed  in  unit  time — that  is,  in  i  second — 
we  have  unit  rate  of  doing  work.  For  this  we  use  the  term 
"  unit  energy."  The  name  given  to  the  unit  of  work  is  the 
"  ERG,"  representing  the  work  performed  in  overcoming  a 
force  of  i  dyne  through  a  distance  of  i  cm.,  and  if  this 
be  done  in  i  second  we  have  the  unit  of  power  or  activity. 
Some  very  simple  arithmetical  operations,  which  need  not  be 
given  in  detail,  show  that  the  following  relations  exist: 

One  gramme-centimetre  per  sec.=  981  ergs  per  sec. 

One  kilogram-metre           ,,      ,,    =  98,100,000  ergs   ,,     ,, 

One  foot-pound         ...        „      „    =  13,562,859  ergs   „     „ 

One  English  horse-power              =  7,459,571,687  ergs   „     „ 

One  metric  horse-power                =  7,357,500,000  ergs   „     ,, 

These  figures  are  inconveniently  large,  and  for  practical  work 
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a  larger  unit  than  the  erg-second  is  generally  adopted.  This 
is  called  the  "WATT,"  and  is  equivalent  to  10,000,000  ergs. 
By  introducing  this  unit  we  have  the  following  relations : 

One    English  horse-power  =  745*957168,  or  very  nearly  746- 

watts. 
One  metric  horse-power  =  73575,  or  very  nearly  736  watts. 

In  future,  when  speaking  of  horse-power,  it  will  be  understood 
that  the  horse-power  is  reckoned  as  equivalent  to  746  watts. 

Work. — We  have  yet  to  define  the  unit  of  work.  This,  as 
already  stated,  is  the  erg,  and  is,  of  course,  to  be  considered 
irrespectively  of  the  time  in  which  it  hat,  been  performed,  but 
as  engineers  are  more  familiar  with  the  idea  of  power  than 
work,  unit  work  is  sometimes  defined  with  reference  to  unit 
power.  Unit  work  is  obviously  represented  by  the  work  done 
by  unit  power  in  unit  time.  This  unit  is  also  inconveniently 
small,  and  for  practical  purposes  it  is  customary  to  employ  a 
unit  10,000,000  times  as  great — namely,  the  "  WATT-SECOND,"" 
or  "  JOULE."  If  we  raise  a  weight  from  the  floor  and  place  it 
upon  the  table  we  have  done  work,  and  the  amount  of  this 
work  is  independent  of  the  time  it  has  taken  us  to  raise  the 
weight.  The  rate  at  which  the  work  has  been  done  (that  is, 
the  power  or  activity)  is  inversely  proportional  to  the  timer 
but  the  work  itself  is  a  constant,  and  may  be  expressed  as  the 
product  of  the  weight  and  the  height  to  which  the  weight  has 
been  raised.  We  may  thus  express  the  work  by  using  the 
foot-pound  or  the  kilogram-metre  as  a  unit,  but  as  these 
terms  are  generally  also  used  to  express  rate  of  doing  work, 
or  activity,  it  is  preferable  to  adopt  another  way  of  reckoning 
work.  We  can  for  this  purpose  use  the  thermo-dynamic 
equivalent  and  reckon  work  not  as  so  many  foot-pounds,  but 
as  so  many  heat  units.  Thus,  if  we  lift  772  Ib.  to  a  height  of 
i  ft.,  we  have  done  772  foot-pounds,  or  the  work  represented 
by  one  British  heat  unit.  Similarly,  if  we  raise  i  kg.  to  a 
height  of  424  m.,  we  have  done  the  work  which  is  equivalent 
to  i  calorie.  The  calorie  is  the  heat  required  to  raise 
the  temperature  of  i  kg.  of  water  by  i  deg.  C.  Adopting 
the  thermo-dynamic  equivalent  as  the  basis  for  reckoning: 
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work,  \ye  find  by  a  simple  arithmetical  operation,  which  need 
Tiot  be  given  at  length,  that  the  following  relations  exist  : 

One  British  Fahrenheit  heat  unit  =  1,047*053  joules,  or  watt- 

seconds. 
One  calorie  =  4,159-44  joules,  or  watt-seconds. 

The  use  of  these  units  may  be  illustrated  by  the  following 
example  :  Glow  lamps  are  often  used  under  water  for  decora- 
tive purposes.  Assume  that  a  lamp  absorbing  energy  at  the 
rate  of  60  watts  is  placed  into  a  vessel  containing  i  litre,  or 
say,  i  kg.  of  water  at  20  deg.  C.  Supposing  the  energy, 
which  in  the  lamp  is  transformed  into  heat,  is  all  com- 
municated to  the  water  and  that  there  is  no  radiation  of 
heat.  How  long  will  it  take  until  the  water  is  raised  to 
boiling  point  ?  Boiling  point  will  be  reached  when  80  calories 
have  been  given  to  the  water.  This  will  be  the  case  when  the 
lamp  has  dissipated  into  the  mass  of  water  surrounding  it 
80  x  4,159-44  =  332,755  joules.  Since  60  joules  are  given  off 
by  the  lamp  in  i  second,  or  3,600  joules  in  i  minute,  it  will 
take  92*43  minutes,  or  say,  about  i£  hours,  to  bring  the  water 
to  boiling  point.  In  reality  it  will  take  somewhat  longer,  as 
we  are  not  able  to  entirely  prevent  radiation  from  the  vessel 
containing  the  water. 

The  calculation  of  the  energy  lost  in  braking  a  car  will  serve 
as  an  additional  example.  According  to  Fischinger1,  each  of 
the  accumulator  cars  on  the  Charlottenburg  tramways  weighs 
about  17  tons  when  empty.  Allowing  from  3-5  to  4  tons  for 
42  passengers  and  two  attendants,  we  have  a  total  rolling 
weight  of  about  21  tons.  It  remains  to  determine  how  many 
watt-hours  are  lost  at  each  car  stop.  Let  v  represent  velocity 
of  car  in  metres  per  second,  and  G  its  weight  in  kilogrammes, 
then  the  kinetic  energy  in  kilogram-metres  will  be 


where  g  =  9-81. 


Elektrotcchnisehc  Zeitschrift.  Vol.  xii.,  page  187. 
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In    order    to    determine   the    energy    in   watt-seconds,  we 
multiply  the  number  of  kilogram-metres  by  9'8i,  whence 

watt-seconds  =  G—  . 


It  follows  from  this  equation  that  the  watt-second,  or  joule, 
may  be  represented  mechanically  by  the  energy  which  is 
necessary  to  give  a  velocity  of  I  m.  per  second  to  a  mass 
of  2  kg. 

A  watt-second  =  0'ioa  kilogram-metre.  For  a  tramcar  we 
have 

G  =  21,000. 

In  order  to  obtain  a  speed  of  18  km.  per  hour  (5  m.  per 
second)  we  require 

21  OOO 

— '- x  52  =  265,000  watt-seconds, 

2 

in  addition  to  the  energy  expended  in  overcoming  the  tractive 
resistance. 

This  loss  of  energy  naturally  occurs  each  time  the  car  stops. 
But  since  a  starting  resistance  must  be  placed  in  the  circuit 
of  the  motor,  and  a  further  loss  of  energy  takes  place  in  the 
gearing,  it  follows  that  a  greater  consumption  of  energy  is 
necessary  to  set  the  car  in  motion  than  we  have  estimated. 
An  efficiency  of  40  per  cent,  may  be  assumed  for  the  starting 
period,  whence  it  may  be  deduced  that  to  start  the  car  an 
expenditure  of 

.Lx  265,000  B  184  watt-hours 
0-4       3,600 

is  required.  In  practice  it  is  usual  to  express  this  in  kilowatt- 
hours.  The  cost  of  generating  electrical  energy  may  be  taken 
at  id.  per  unit.  Since  it  required  0-184  of  a  unit  to  start 
the  car,  we  may  say  that  each  stop  costs  O'i84d. 

Mathematical  and   Physical  Poles. 

In  the  same  manner  as  we  distinguish  between  mathematical 
and  physical  points  must  we  also  distinguish  between  mathe- 
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matical  and  physical  magnet  poles.  The  magnets  shown  in 
Figs.  3,  4,  and  5  have  physical  poles — that  is,  poles  of  finite 
dimensions.  The  poles  are  those  parts  of  the  magnet  from 
which  lines  of  force  emanate,  and,  as  shown  in  the  figures,  those 
parts  occupy  some  space.  In  Fig.  4  it  is,  in  fact,  difficult  to 
distinguish  between  the  poles  and  other  parts  of  the  bar, 
since  the  lines  of  force  emanate  from  almost  the  whole  of  its 
surface.  They  are,  however,  densest  at  the  ends,  and  we 
therefore  call  the  ends  of  the  bar  conventionally  its  poles 
without  fixing  any  very  definite  limits  to  their  extent.  This 
indefinite  arrangement  of  lines  is  obviously  inconvenient  for 
mathematical  treatment,  and  in  order  to  get  over  the  difficulty 
we  imagine  the  physical  magnet  replaced  by  an  imaginary  or 
mathematical  magnet,  consisting  of  a  middle  part  wholly  free 
from  lines  and  two  mathematical  points  for  its  poles  from 
which  all  the  lines  of  force  emanate.  A  single  pole  is  im- 
possible in  nature,  but  by  making  our  imaginary  magnet  long 
enough  we  can  separate  its  two  poles  sufficiently  far  to  obtain 
round  each  almost  the  same  effects  as  might  be  expected  from 
single  poles.  The  strength  of  a  magnet,  whether  it  be  a 
physical  or  mathematical  magnet,  can  be  expressed  as  the 
product  of  its  length — that  is,  the  distance  between  its  poles 
and  the  amount  of  free  magnetism  at  either  pole.  This 
product  is  called  the  "  MAGNETIC  MOMENT."  We  assume  that 
in  each  pole  there  is  concentrated  a  definite  amount  of  what 
may  be  called  magnetic  matter,  from  which  the  flow  of  force 
emanates.  This  matter,  though  of  the  same  kind  at  both 
poles,  must  be  supposed  to  differ  in  its  sign.  At  one  end  of 
the  magnet  we  have  positive  or  north  magnetic  matter,  and 
at  the  other  end  we  have  negative  or  south  magnetic  matter. 
Supposing  the  flow  of  force  to  be  taken  as  proceeding  from 
the  north  pole  to  the  south  pole  through  air,  we  can  also  say 
that  the  north  magnetic  matter  sends  out  and  the  south 
magnetic  matter  absorbs  the  stream-lines  of  magnetic  force. 
We  take  in  this  definition  the  direction  of  the  stream-line  to 
be  that  in  which  a  free  north  pole  would  be  urged  through  the 
field.  Whether  such  a  thing  as  magnetic  matter  actually  exists 
or  not  is  of  no  practical  importance.  The  term  "  magnetic 
matter"  is  merely  a  convenient  way  of  expressing  a  certain 
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property  of  magnet  poles,  and  may  be  retained  without  in  the 
slightest  degree  contradicting  experimental  facts.  Under  this 
conception  the  attractive  force  of  a  magnet  must  be  assumed 
to  be  proportional  to  the  amount  of  magnetic  matter,  or,  as 
we  may  also  say,  to  the  amount  of  free  magnetism  concen- 
trated in  its  poles,  and  similarly  the  strength  of  field  must 
be  assumed  to  be  directly  proportional  to  the  amount  of  free 
magnetism  at  the  poles. 

The  Magnetic  Field  of  a  Mathematical   Pole. 

Let,  in  Fig.  7,  M  represent  the  north  pole  of  a  mathematical 
magnet   of    such  length    that   we   may   leave   its   south   pole 


FIG.  7. 

out  of  consideration.  Let  the  quantity  of  magnetic  matter 
concentrated  in  this  pole  be  also  denoted  by  M,  and  place 
another  north  pole  containing  m  units  of  magnetism  at  the 
distance  r2  from  M.  According  to  a  well-known  law,  the 
repulsion  between  the  two  poles  is  given  by  the  expression 

.       Now  describe  with  radius  r2  a  sphere  S2  round  M, 

r-2 

and  imagine  the  pole  m  placed  at  various  points  on  this 
sphere,  then  the  repulsion  between  M  and  m,  though  varying 
in  direction,  will  for  all  these  positions  have  the  same 
magnitude.  The  sphere  S2  is,  in  fact,  a  surface  of  constant 
magnetic  potential.  The  lines  of  force  constituting  the  field 
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of  M  are  radii  cutting  S2  at  right  angles.  Now  move  the 
pole  m  from  its  position  on  the  equipotential  surface  S2  to 
the  position  ml  on  the  equipotential  surface  S^  The  work 
done  upon  m  in  transit  is  obviously 

M  m  j  -.r 

— —  d  r  =   -  M  m 

the  negative  sign  denoting  that  such  work  has  been  expended, 
This  expression  gives  the  difference  of  magnetic  potential 
between  any  two  points  of  the  surfaces  Sx  and  S2,  if  we 
suppose  the  pole  m  to  contain  unit  of  magnetism.  Now  let 
rz  be  infinitely  large  as  compared  with  rl}  or,  in  other  words,, 
let  the  pole  be  brought  from  a  point  as  far  away  from  M 
as  to  be  beyond  its  field,  then  the  work  done  upon  unit  pole 
in  bringing  it  to  a  point  on  the  sphere  Sx  is  obviously 

p  _  _  M 


and  this  expression  gives  the  potential  of  the  surface  S^  We 
may  thus  define  magnetic  potential  at  any  point  of  a  magnetic  field 
as  the  work  which  must  be  done  upon  unit  pole  to  bring  it  from 
a  place  beyond  the  field  where  the  potential  is  zero  to  that  point  of 
the  field.  The  numeric  value  of  the  magnetic  potential  must 
naturally  depend  upon  the  units  we  choose  for  expressing  it. 
We  define  unit  magnetism  as  that  amount  of  magnetic  matter 
which,  if  concentrated  in  a  point,  will  repel  an  equal  amount  of 
magnetic  matter  concentrated  in  another  point  i  cm.  distant 
with  the  force  of  I  dyne.  Thus  let,  in  Fig.  7,  both  M  and  m 
be  poles  containing  unit  magnetism,  or,  briefly,  unit  poles, 
and  let  ^  be  i  cm.  Imagine  the  poles  tied  at  that 
distance  to  the  ends  of  a  cord,  then  the  tension  in  that  cord 
will  be  i  dyne,  and  this  tension  will  be  the  same  if  m  is 
moved  to  any  point  of  the  sphere  S^  Now,  we  have 
previously  defined  unit  strength  of  field  as  that  flow  of 
magnetic  lines  which  will  exert  unit  of  mechanical  force 
upon  unit  pole.  The  unit  of  mechanical  force  is  the  dyne, 
and  the  unit  of  field  strength  is  a  density  of  one  line  per 
square  centimetre.  In  order  to  obtain  unit  of  repulsive  force, 
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there  must  therefore  pass  such  a  flow  of  magnetic  force 
through  the  sphere  Sx  as  can  be  expressed  by  a  density  of 
•one  line  of  force  per  square  centimetre.  Now,  a  sphere  of 
the  radius  i  has  a  surface  of  4  TT  square  centimetres,  and  we 
find,  therefore,  that  the  pole  M  is  sending  out  a  total  of 
4  TT  lines  of  force.  A  pole  of  twice  the  strength  will  obviously 
send  out  twice  as  many  lines,  and  generally  a  pole  of  the 
strength  M  will  send  out  4  TT  M  lines.  Calling  F  the  total 
field  strength,  expressed  as  the  number  of  lines  of  force,  or, 
as  it  is  also  termed,  the  total  induction,  emanating  from  a 
pole  containing  M  units  of  magnetic  matter,  we  have,  there- 
fore, the  following  relation  between  these  quantities : 

F  =  47T  M^| 

F      [    ...-..•     (i) 
M-J 

4-     J. 
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'  CHAPTER  ;HI. 

Magnetic     Moment— Measuring     Weak      Magnetic     Fields  — 
Attractive    Force    of    Magnets— Practical    Examples* 

Magnetic  Moment. 

It  has  already  been  mentioned  that  the  magnetic  moment 
of  a  magnet  is  the  product  of  the  strength  of  pole  M  and 
length  X.,  Replacing  M  by  its  equivalent  value  here  given, 
we  have 

Magnetic  moment  = 

47T 

Now  F  is  the  number  of  unit  lines  of  force  going  out  at  one 
end  and  in  at  the  other  end  of  the  bar.  If  we  denote  by  B 
the  number  of  lines  flowing  through  each  square  centimetre  of 
cross-section  of  bar  and  by  A  the  area  of  cross-section,  we  may 
also  write 

Magnetic  moment  = 

47T 

The  symbol  B  indicates  the  density  of  lines  within  the  bar, 
and  is  commonly  called  the  "  specific  induction,"  or,  briefly, 
the  "induction."  Since  L  A  is  the  volume  of  the  bar,  we  can 
also  say  that  the  magnetic  moment  of  a  straight  bar  magnet 
is  equal  to  the  volume  multiplied  by  the  specific  induction  and 
divided  by  4  TT.  Now  imagine  our  bar  magnet  suspended  in 
a  magnetic  field  in  which  the  induction  is  H,  and  let  the  lines 
of  this  field  be  all  horizontal  and  at  right  angles  to  the  axis  of 
the  bar.  The  north  pole  of  the  bar  will  be  pulled  forward — 
that  is,  in  the  direction  in  which  the  lines  of  the  field  flow — 
and  the  south  pole  will  be  pulled  in  the  opposite  direction,  the 
two  forces  producing  a  certain  torsional  moment,  which  is 
given  by  the  expression 

Torque  =  M  L  H. 
Torque  =  L  A  B  H. 
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The  torque  is,  of  course,  here. given  in  dyne-centimetres.  -To 
obtain  it  in  gramme-centimetres  we  have  to  divide  by  98 r. 
An  example  may  serve  to  give  an. idea  of  the  kind  of  forces 
we  have  to  deal  with  in  magnetism.  Let  us  suppose. that  we 
magnetise  a  large  steel  bar  and  suspend  it  in  the  field  of  the 
earth ;  in  fact,'  that  we  make  a  gigantic  compass  needle  and 
measure  the  torsional  moment  which  is  required  to  keep  this 
compass  needle  in  an  east- west  position.  Let  the  magnet 
be,  i  m.  long  and  10  cm.  square.  If  strongly  magnetised 
.by 'Suitable  means,  we  shall  be  able  to  concentrate  on  each 
square,  centimetre  of  end  face  about  400  units  of  magnetic 
matter,  corresponding  to  an  induction  of  about  5,000  lines 
per  square  centimetre  of  cross-section.  The  field  of  the 
earth  may  .be  taken  as  '18.  C.G.S.  unit.  Inserting  these 
values  in  the  above  equation,:  we  find  that  the  field  of  the 
earth  .'.will  .exert  upon  our  bar  magnet  a  torque  of-  736 
gramme-centimetres.  To  keep  the  bar .  in  its  east-to-west 
position,  we  must  therefore  apply  to  one  end  of  it  a  force  of 
I4'6o  grm.,  or,  say,  a  little  over,  half  an  ounce.  This,  -  it 
will  be  seen,  is  a.  very  small  force  for  so  large  an  apparatus,, 
the  dead-weight  of  which  would  be  about  180  lb.,  but  then 
it  must  be  remembered  that  though  the  magnet  taken^  by 
itself  is  powerful,  the  field  in  which  it  is  placed  is  very  weak. 
Had  the  strength  of  field,  H,  .been  such  as.  can  easily  be 
produced  in  air  by  means  of  coils  of  wire  through  which 
currents  pass,  the  torque  exerted  by  the  bar  would  have  been 
enormously  greater.  A.  field  of  500.  C.G.S.  units  can  easily 
be  produced  between  two  coils  placed  parallel  to  each  other 
at  a  distance  about  equal  to  their  radius.  Now,  if  we  suspend 
our  steel  magnet  in  such  a  field,  the  torque,  in  gramme- 
centimetres  will  be 

Torque  =  100  x  100  x  5*222  x  500  x    —  =  2,030,000.- 
4  TT  981 

To  reduce  this  to  kilogram-metres  we  divide  >by  1,000  x  100 
=.•  100,000,  since  the  kilogramme  contains  1,000  grm.  and 
the  centimetre  is  the  hundredth  part  of  the  metre.  We 
thus  obtain 

Torque  «  20-3.  kilogram-metres. 

3* 
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To  keep  the  bar  in  its  position  parallel  to  the  plane  of  the 
coils,  we  would,  therefore,  have  to  apply  at  each  end  a  force  of 
20-3  kg.,  or  45  lb.,  the  direction  of  these  forces  being  at  right 
angles  to  the  axis  of  the  bar. 

Measuring  Weak  Magnetic  Fields. 

The  calculation  hare  given  is  only  correct  under  the  sup- 
position that  the  magnetism  of  the  bar  remains  unaltered 
when  the  bar  is  placed  into  the  field.  In  reality,  however, 
this  is  not  case  when  the  field  is  strong.  A  field  of  500  C.G.S. 
units  is  already  a  very  strong  field,  and  would  alter  the 
magnetisation  of  the  bar  even  if  the  latter  be  made  of  the 
very  hardest  steel. 

The  calculation  of  torque  must  therefore  be  taken  as  being 
only  an  approximation,  and  has  been  given  merely  to  show 
the  kind  of  forces  coming  into  play  in  such  cases.  In  a  weak 
field  the  magnetism  of  a  strongly  magnetised  steel  bar  is  not 
changed,  and  is,  in  fact,  what  it  professes  to  be  by  name,  that 
is,  "permanent."  The  magnetic  moment  of  the  bar  may 
therefore  be  regarded  as  constant .  for  all  its  positions  in  the 
weak  field,  and  this  fact  is  made  use  of  in  the  determination 
of  the  strength  of  magnetic  fields.  It  might  appear  at  a  first 
glance  that  if  we  knew  the  magnetic  moment  of  the  bar,  the 
strength  of  the  field  could  be  easily  found  by  measuring  the 
mechanical  couple  required  to  keep  the  bar  at  right  angles  to 
the  lines  of  the  field,  but  such  a  measurement  could  not  be 
made  with  any  accuracy.  In  the  first  place,  the  couple  with 
a  bar  of  moderate  dimensions  and  a  weak  field  is  exceedingly 
small,  and  therefore  difficult  to  determine  exactly ;  and,  in  the 
second  place,  the  determination  of  the  magnetic  moment  is 
in  itself  a  more  difficult  operation  than  the  determination  of 
the  strength  of  a  magnetic  field,  which,  indeed,  generally 
precedes  it. 

The  method  commonly  used  for  the  determination  of  weak 
magnetic  fields,  and  more  especially  for  the  field  of  the  earth, 
consists  in  making  two  distinct  tests  with  the  same  magnet. 
In  the  first  test  the  magnet  is  so  placed  as  to  deflect  a  compass 
needle,  and  from  the  relative  position  and  distance  between 
needle  and  magnet,  and  the  deflection  of  the  former,  the  ratio 
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between  M,  the  magnetic  moment  of  the  latter,  and   H,  the 

TT 

field  strength,  can  be  calculated.     We  thus  obtain    —  .      Next, 

M 

we  set  the  magnets  swinging,  and  note  the  time  of  vibration. 
According  to  a  well-known  law,  the  time  of  vibration  is 
proportional  to  the  square  root  of  the  moment  of  inertia 
(which  for  a  cylindrical  bar  can  be  easily  calculated),  and 
inversely  proportional  to  the  square  root  of  M  H,  the  force 
under  the  influence  of  which  the  bar  swings.  By  multiplying 
the  two  values  we  obtain  H2,  and  by  dividing  one  by  the  other 
we  obtain  M2,  so  that  the  two  observations  suffice  for  the 
determination  of  the  strength  of  field  as  the  magnetic  moment 
of  the  bar.  As  this  method  is  to  be  found  described  in  every 
text-book  on  magnetism  it  is  not  necessary  to  enter  into  its 
details  in  this  place,  the  more  so  as  for  the  determination  of 
the  strong  fields  with  which  the  electrical  engineer  is  mostly 
concerned,  it  is  only  of  value  in  so  far  as  it  gives  us  a  point 
of  comparison.  Strong  fields  are  generally  measured  by 
another  method  based  upon  electromagnetic  induction,  the 
apparatus  used  consisting  of  wire  coils  and  a  ballistic  galvano- 
meter. One  of  the  wire  coils  is  placed  under  the  influence 
of  the  field  of  the  earth,  and  the  other  under  that  of  the  field 
to  be  measured,  whilst  the  deflection  of  the  galvanometer  in 
both  cases  enables  us  to  compare  the  two  fields.  The  subject 
must,  however,  be  left  to  a  later  chapter,  in  which  we  shall 
deal  with  the  interaction  between  magnetic  fields  and  electric 

currents. 

The  Attractive  Force  of    Magnets. 

The  formulae  given  in  the  preceding  and  present  chapter 
enable  us  to  calculate  the  mechanical  force  in  dynes,  or 
grammes,  or  pounds  with  which  magnets  attract  each  other, 
or  a  magnet  attracts  a  piece  of  iron  it  has  magnetised  by 
induction.  When  the  distance  between  the  attracting  (or 
repelling)  poles  is  large  in  comparison  with  the  dimensions  of 
the  magnets,  the  problem  is  simple  enough.  We  can  in  this 
case  imagine  the  physical  magnets  replaced  by  their  equivalent 
mathematical  magnets  with  their  poles  concentrated  in  mathe- 
matical points,  and  by  applying  the  law  of  inverse  squares, 
in  the  manner  to  be  found  in  every  text-book  on  magnetism, 
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obtain    perfectly   definite   expressions   for    the    forces    acting 
between  the  poles  and  the  resulting  couples. 

The  problem  in  this  form  has,  however,  no  interest  for  the 
designer  of  dynamos,  and  need,  therefore,  not  be  further 
considered  in  this  place.  What  interests  the  dynamo  builder 
is  the  attraction  between  magnetised  surfaces  of  large  extent,  as 
compared  with  their  distance  apart,  and  in  these  cases  the  law 
of  inverse  squares  ceases  to  be  applicable.  When  investigating 
the  attraction  between  the  pole-pieces  of  a  dynamo  and  the 
surface  of  its  armature,  we  are  not  dealing  with  magnetism 
concentrated  in  mathematical  points,  but  with  magnetism 
distributed  over  definite  surfaces.  The  forces  resulting  from 
this  may  become  under  certain  conditions  very  considerable, 
and  as  they  must  directly  affect  the  armature  shaft,  bearings, 
and  other  parts,  it  is  necessary  to  investigate  the  matter  so  as 
to  be  able  to  take  these  forces  into  consideration  in  designing 
the  mechanical  portion  of  the  machine.  Before  proceeding  to 
the  theoretical  consideration  of  the  subject,  it  will  be  useful 
to  show  its  practical  bearing  with  reference  to  a  definite  case. 
Fig.  8  represents  diagrammatically  the  field,  F,  and  armature 
core,  A,  of  an  ordinary  dynamo  of  the  so-called  "upright" 
type.  The  flow  of  lines  takes  place  from  the  left,  or  north 
pole-piece,  Nt  N  N2,  through  the  small  air-space,  a,,  a2,  into 
the  armature  core,  A,  then  out  on  the  other  side,  where  the 
flow  of  force  again  leaps  across  the  air-space,  6lf  62,  and  enters 
the  pole-piece,  B!  S  S2,  returning  by  the  yoke,  Y,  to  the  north 
pole-piece,  and  thus  forming  a  closed  magnetic  circuit.  Two 
such  circuits  are  shown  in  the  figure  by  dotted  lines,  the 
direction  of  flow  being  indicated  by  arrows.  It  has  already 
been  pointed  out  in  the  previous  chapter  that  the  surface  of 
the  pole-piece  and  that  of  the  armature  must  be  equipotential, 
surfaces,  a  fact  easily  verified  by  experiment.  The  lines  of 
force  between  these  surfaces  must  therefore  stand  at  right 
angles  to  them  in  every  point,  or,  in  other  words,  be  radial 
with  reference  to  the  centre,  O,  of  the  armature.  Near  the 
edges  of  the  polar  surfaces  their  true  radial  direction  will 
naturally  be  somewhat  disturbed,  but  we  deliberately  neglect 
the  effect  of  this  disturbance.  Imagine  a  unit  exploring  pole 
placed  at  N2,  and  it  will  be  repelled  from  the  surface  of  this 
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pole-piece  in  a  radial  direction,  whilst  at  the  same  time  it  will 
be  attracted  in  the  same  direction,  by  the  surface  of  the 
armature,  the  force  acting  upon  the  pole  being  the  sum  of 
repulsion  and  attraction.  On  the  other  side,  a  unit  exploring 
pole  placed  on  the  surface  of  the  armature  opposite  S  will  be 
repelled  by  the  armature  and  attracted  by  the  field  pole.  Now 
let,  in  the  first  case,  the  exploring  pole  be  rigidly  fastened  to 
the  surface  of  the  field  pole  at  NI,  or,  better  still,  let  it  be  part 


FIG.  8. 

and  parcel  of  the  latter.  This  assumption  is  equivalent  to 
saying  that  we  consider  the  forces  acting  upon  an  element 
of  the  polar  surface,  Nx  N  N2,  of  such  extent  that  it  contains 
unit  quantity  of  magnetic  matter.  Obviously  this  element  of 
surface  cannot  be  repelled  from  the  rest  of  the  surface,  since 
it  forms  an  integral  part  of  it ;  and  one  of  the  forces  which  we 
found  above  as  acting  upon  a  free  unit  pole  is  now  eliminated. 
The  other  force,  that  of  attraction  towards  the  surface  of  the 
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armature,  remains,  however,  unchanged.  Each  element  of  the 
polar  surface  is  thus  attracted  towards  the  armature,  and  since 
action  and  reaction  must  be  equal  and  opposite,  the  armature 
as  a  whole  is  attracted  by  the  polar  surface. 

The  same  reasoning  applies  to  the  other  side  of  the  machine, 
If  we  imagine  the  unit  exploring  pole  to  form  part  and  parcel 
of  the  armature  surface  opposite  S^  we  find  that  although  the 
repulsion  towards  the  right  has  ceased,  the  attraction  towards 
the  right  remains,  and  as  this  applies  to  every  element  of 
armature  surface  within  the  pole-piece,  Si  S  S2,  the  armature 
as  a  whole  experiences  an  attraction  to  the  right.  If  the 
arrangement  of  the  armature  in  the  field  is  perfectly  sym- 
metrical, the  attraction  to  the  left  balances  the  attraction 
to  the  right,  and  there  is  no  side  thrust  on  the  bearings,, 
though  there  may  be  up  or  down  thrust,  if  the  arrangement 
is  unsymmetrical  with  reference  to  the  diameter,  N  O  S, 
Imagine,  for  instance,  the  upper  half  of  both  pole-pieces 
removed.  The  armature  would  in  this  case  be  attracted 
by  the  north  pole-piece,  not  only  to  the  left,  but  also 
downwards.  Similarly,  the  attraction  on  it  from  the  south 
pole-piece  would  be  to  the  right  and  downwards.  The 
two  horizontal  components  balance  each  other,  but  the 
vertical  components  are  added,  and  produce  a  down  thrust 
on  the  bearings  in  addition  to  the  thrust  due  to  the  weight 
of  the  armature.  The  same  effect,  but  to  a  lesser  degree, 
must  result  from  any  minor  inequality  between  the  upper 
and  lower  halves  of  the  pole-pieces,  and  as  it  is  not  always 
practicable  to  ensure  absolute  symmetry  in  all  directions, 
it  becomes  important  to  be  able  to  calculate  the  mechanical 
forces  and  strains  resulting  from  such  want  of  symmetry.  We 
now  proceed  to  investigate  this  matter  from  a  more  general 
point  of  view. 

Let,  in  Fig.  9,  N  N  and  S  S  represent  the  polar  end  faces 
of  two  straight  magnets,  of  so  great  a  length  that  the  influence 
of  their  other  poles  upon  an  exploring  pole  placed  into  the 
gap  at  A  may  be  neglected ;  or  let  N  S  be  the  poles  of  a 
magnet  bent  into  ring  form  as  shown  in  Fig.  10.  In  such  a 
magnet  the  only  accessible  field  is  that  existing  in  the  narrow 
gap  between  the  poles,  and  an  exploring  pole  placed  in  this 


AND   TRANSFORMERS.  4! 

space  cannot  be  affected  by  any  other  lines  of  force  but  those 
leaping  across  the  gap.  The  amount  of  magnetic  matter 
contained  on  each  polar  surface,  divided  by  the  surface,  is, 
in  a  straight  bar  magnet,  obviously  equal  to  the  magnetic 
moment  divided  by  the  volume,  and  is  called  the  intensity 


FIG.  9. 

of  magnetisation.  In  a  curved  magnet  this  definition  does, 
however,  not  hold  good,  as  can  easily  be  seen  if  we  imagine 
the  originally  straight  magnet  bent  into  a  circle  until  the 
poles  nearly  touch.  The  magnetic  moment,  which  is  the 
product  of  pole  strength  and  distanote  between  the  poles,  has 


FIG.  10. 

now  decreased,  but  the  amount  of  magnetic  matter  on  each 
pole  has  not  decreased.  To  make  the  definition  fit  the  case 
of  bent  magnets,  we  must  consider  not  the  ratio  between 
the  magnetic  moment  of  the  magnet  taken  as  a  whole  and 
divided  by  its  whole  volume,  but  the  magnetic  moment  of  a 
cubic  centimetre  cut  out  and  separated  from  the  rest  of  the 
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mass.  It  is,  however,  more  simple  to  abstract  altogether 
from  the  idea  of  intensity  of  magnetisation  and  substitute 
that -of  "density  of  magnetic  matter."  Thus  we  may  assume 
that  the  magnetic  matter  is  uniformly  spread  over  the  polar 
surfaces  with  a  density  m,  meaning  thereby  that  on  each 
square  centimetre  of  surface  there  are  m  absolute  or  C.G.S. 
units  of  magnetic  matter.  Each  particle  of  magnetic  matter 
on  the  surface  N  N  repels  the  point  A  according  to  the 
law  of  inverse  squares,  but  the  direction  of  these  forces  and 
their  intensity  varies.  The  total  force  is  found  by  integrating 
the  elementary  forces,  as  we  now  proceed  to  show. 

The  horizontal  component,  d  P,  of  the  force  exerted  by  an 
elementary  particle,  <r,  of  the  polar  surface  at  D,  upon  the 

unit   pole   placed  at   A,  is   evidently  — — —  cos  a,  and  if  we 

imagine  a  complete  ring,  D  D,  of  such  elementary  particles  of 
width  d  a,  the  force  exerted  by  the  ring  is 

,  T}       m  2  IT  a  d  a-. 

a  P  =-  —         :.-.••  cos  a.     ' 
x2  +  a2       r   - 

It  will  be  seen  from  the  diagram  that  a  =  x  tan  a,  and 

-*."''        •       'J*    ' 

for  d  a  we  can  therefore  write  x  — -^-  ;  so  that  the  above 

cos-*  a 

expression  for  the  horizontal  force  becomes 

d  P  =  /  f   m  2J  a  2       x  cos  a  d  a. 
(x*  +  a2)  cosj  a 

ut  since  (x*  +  a2)  cos2  a  =  x2,  we  have  also 

/ 
d  P  =  in  2  TT  -  cos  a  d  a. 


Since 


a        sn  a 


x        cos  a 

€.'.";   ."  t  ',.^,i ',:.'.  v.»..;V'  :  ''  ' 

we  find  d  P  -  2  TT  m  sin  a  d  a, 

and  by  integrating  between  the  limits  a  =  o  and  a  -  a,  we 
find  the  total  repulsive  force  exerted  by  the  polar  surface  upon 
a  unit  pole, 

•    P  =»  2  TT  m  (i  -  cos  a). 
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Now,  imagine  the  surface  very  large  in  comparison  with  the 
distance  x  of  the  point  A.-  In  this  case  the  lines  joining  A 
with  the  edges  of  the  polar  surface  -will  be  sensibly  parallel 

to  it.  We  have,  therefore,  a  =  ?r  .  Since,  the  cosine  of 
—  is  o,  we  have 

2 

P  =  2  TT  m  .     .     .'.  .     .     .     .     (2) 

The  unit  pole  is  not  only  repelled  by  the  surface  N  N,  but 
it  is  at  the  same,  time  attracted  by  the  surface  S  S,  and  a 
similar  calculation  shows  that  the  attractive  .force  of  this 
surface  upon  it  is  also  2  TT  m,  so  that  the  total  "  force  exerted 
upon  the  unit  pole  in  the  gap  between  N  N  and  S  S  is 

2  P  •=  4  TT  m. 

This  expression  enables  us  to  calculate  the  strength  of  the 
field  within  the  gap.  It  has  been  previously  stated  that, 
according  to  a  conventionally  adopted  measure,  we  call  that 
a  unit  strength  of  field  in  which  there  is  unit  flow  of  force  per 
square  centimetre,  or  in  which  a  unit  pole  is  impelled  with 
the  force  of  i  dyne.  If  the  impelling  force  is  4  TT  m  dynes,, 
the  flow  of  force  per  square  centimetre  is  4  TT  m.  This  is 
commonly  called  the  "induction,"  and  denoted  by  the 
symbol  $.  We  thus  find  that 


Let  S  denote  the  number  of  square  centimetres  in  each 
polar  surface,  then  S  is  the  total  flow  of  force  or  field 
strength,  F,  expressed  in  number  of  unit  lines  of  force  ; 
and  S  m  is  the  total  pole  strength,  or  amount  of  magnetic 
matter,  M,  spread  over  each  of  the  polar  surfaces.  We  find, 
therefore, 

F  =  4/jrM; 

that  is  to  say,  the  total  field  is  4  TT  times  the  total  pole  strength, 
result  which  has  already  been  obtained  in  the  previous 
chapter  for  a  single  pole.  In  that  case,  however,  the  field 
surrounded  the  pole  on  all  sides,  and  it  was  not  immediately 
obvious  that  the  expression  would  also  hold  good  '-  in  cases' 
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where  the  field  is,  so  to  speak,  one  sided  —  that  is,  emanating 
from  the  pole  in  one  direction  only.  This  we  now  see  is  the 
case,  and  the  formula  F  «•  4  IT  M  is  universally  applicable, 

Returning  now  to  formula  (2),  we  have  seen  that  the 
repulsion  of  the  surface  N  N  upon  unit  north  pole  placed 
close  to  it  is  2  TT  m.  Had  the  exploring  pole  been  a  unit 
south  pole,  we  would  have  found  the  same  expression,  but 
with  a  negative  sign,  showing  that  the  force  was  one  of 
attraction  —  that  is,  opposite  in  direction.  Now  let  it  be  part 
of  the  surface  of  the  south  pole,  and  we  see  immediately  that 
every  unit  of  magnetic  matter  spread  over  the  surface  S  S 
is  attracted  by  N  N  with  a  force  of  2  -n  m  dynes  ;  and  since 
there  are  m  s  such  units  on  this  surface,  the  total  force  is 
2  TT  m2  s.  It  will  be  convenient  to  bring  this  expression  into 
another  form  by  introducing  the  induction,  $£• 

3B  1J2  s  IB2 

Since  m  -  —  ,  we  have  m*  =     y   0,  and  2  TT  w?  s  -  —  —  . 

4  7T  l6  7T2  8  7T 

The  following  table  is  calculated  from  this  formula,  the 
attractive  force,  P,  being  given  in  kilogrammes  per  square 
centimetre  of  surface,  and  the  induction  in  the  air-gap  in  units 
of  1,000. 


-      i         2          34          5  7         10       15       20 

P      =  "046    '163    '365    '649     roi4     1*98    4*06    g'l     16*2 

It  should  be  remembered,  however,  that  this  formula  is  only 
correct  if  the  distance  between  the  polar  surfaces  is  so  small 
in  comparison  with  their  extent  that  the  disturbance  near 
the  edges,  where  the  upper  limit  for  the  angle  a  is  less  than 

^,  may  be  neglected  ;  or  where,  though  the  distance  between 

the  polar  faces  is  sensible,  as  in  dynamo  machines,  one  of  the 
surfaces  extends  considerably  beyond  the  other.  When  the 
surfaces  are  in  actual  contact  —  as,  for  instance,  in  a  magnet 
and  its  keeper  —  the  formula  may  be  applied  without  correc- 
tion, but  when  the  distance  is  sensible  and  the  surfaces  are 
small,  a  certain  allowance  for  the  influence  of  the  edges  must 
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be  made.  For  practical  purposes  it  is,  however,  not  generally 
necessary  to  calculate  the  attractive  force  with  very  great 
accuracy,  and  the  formula 


Attractive  force  in  dynes  = 


8  7T 


(3) 


may  be  used  as  a  fair  approximation. 

It  will  be  useful  to  show  the   application  of  this  formula 
by  a  few  examples.     Let,  in  Fig.  n,   M  represent  a  magnet 


FIG.  ii. 


provided  with  a  keeper,  K.  The  magnet  limbs  are  3  cm. 
square,  and  the  induction  is  $  =  20,000.  The  attractive 
force  of  each  limb  on  the  keeper  in  dynes  is  therefore 

9  o*  20>00°  ,  To  obtain  it  in  kilogrammes  we  divide  by 
•981,000,  and  find  the  attractive  force  of  both  limbs 


400  x 


10° 


X    g8l,000 

-  292  kg. ; 


2. 
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i  j&  magnet  of  the  dimensions  here  given  would  weigh  a  little 
under  2  kg.,  so.  that  its  attractive  force  ;is  approximately  150 
times  its  dead- weight. 

As  another  example  we  may  take  the  dynamo  shown  in 
Fig.  8.  Let  the  armature  core  be  30  cm.  (nearly  12  in.) 
diameter,  and  40  cm.  (nearly  16  in.)  long.  Let  the  angle 
embraced  by  the  pole-pieces  on  each  side  be  120  deg.,  and 
assume  a  mean '-  induction  of  $  =  5,000  across  the  polar 
diameter,  N  O  S.  It  will  be  shown  later  on  that  the  induction 
is  not  constant  over  the  whole  extent  of  air-gap,  but  that 
it  has  a  greater  than  its  mean  value  below  and  a  smaller 
than  its  mean  value  above  the  polar  diameter.  The  reason 
for  this  variation  cannot  be  given  now,  as  it  has  to  do  with 
the  interaction  between  electric  currents  and  magnets,  which 
will  be  treated  in  subsequent  chapters.  For  the  present  we 
shall  simply  assume  that  such  a  difference  exists,  and  that 
numerically  it  may  be  expressed  by  saying  that  the  mean 
field  induction  above  the  polar  diameter  is  4,800  and  below 
it  5,200  C.G.S.  units.  The  attraction  on  the  upper  right-hand 
quarter  of  the  armature  may,  with  a  polar  angle  of  120  deg., 
be  represented  by  a  force  acting  at  30  deg.  to  the  polar 
diameter,  and  its  vertical  component  is  obviously  sin  30  deg. 
=  *5  of  its  numerical  value.  Similarly  with  the  left-hand  upper 
quarter.  The  total  vertical  force  acting  upwards  upon  the 
upper  half  of  the  armature  is  therefore  equal  to  the  attraction 
of  the  upper  half  of  one  pole-piece.  In  the  same  way  we 
find  the  total  vertical  force  acting  downwards  upon  the  lower 
half  of  the  armature  equal  to  the  attraction  of  the  lower  half 
of  one  pole-piece.  The  difference  between  these  two  forces 
represents  the  down  thrust  upon  the  bearings  in  addition 
to  that  due  to  dead -weight.  Inserting  the  numbers  into 
equation  (3)  we  find 

Down  thrust  =    (OJP    x    40)  5>2°°*  "  4'8°°V 
\    6  25-12 

which  is  about  100  kg.  A  dynamo  of  the  dimensions  here 
given  would  be  a  machine  of  about  40  h.p.  or  50  h.p.,  and 
it  will  readily  be  seen  that  in  such  a  machine  an  extra  load 
of  i  cwt.  per  bearing  is  quite  unimportant,  and  may  be 
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neglected  in  the  design.  There  are,  however,  cases  in  which 
the  magnetic  pull  may  become  important,  and  provision  must 
be  made  to  withstand  it.  As  an  example  may  be  cited  a  class 
of  dynamo  known  under  the  name  of  disc  machines.  In  these 
machines  the  armature  core  is  not  of  cylindrical  shape,  but 
has  the  form  of  a  flat  disc  revolving  between  circular  rows 
of  poles  on  either  side  of  it.  When  carefully  adjusted,  the 
width  of  the  gaps  on  either  side  is  equal,  and  the  attractive 
forces  are  balanced.  The  armature  is  kept  in  this  position 
by  a  thrust  bearing  on  its  shaft,  and  as  long  as  there  is  no 
wear,  the  load  on  the  thrust  bearing  is  very  small.  If,  how- 
ever, wear  takes  place,  or  from  some  other  cause  the  armature 
be  allowed  to  run  nearer  to  one  ring  of  pole-faces  than  the 
other,  the  field  on  that  side  is  stronger,  and  a  considerable 
magnetic  pull  is  the  result.  Let,  in  a  loo-h.p.  machine,  the 
sum  of  the  polar .,  surfaces  on  one  side  of  the  disc  be  2,000 
square  centimetres,  and  let  the  induction  for  which  the 
machine  was  originally  built  be  4,600,  the  air-gap .  being  on 
either  side  20  mm.  (a  little  over  f  in.).  Now  suppose  that 
from  some  cause  the  armature  is  allowed  to  shift  by  2  mm., 
then,  roughly  speaking,  the  induction  on  the  side  of  the 
reduced  gap  will  have  become  5,000,  and  that  on  the  side  of 
the  widened  gap  4,200. 

We  shall  then  have  an  unbalanced  magnetic  thrust  of 

2,000  x  (5,ooo2  -  4,2oo2)  , 
25*12  *  981,000 

or,  say,  about  600  kg.,  which  is  a  force  of  sufficient  magnitude 
to  be  taken  into  account  when  designing  the  mechanical 
details  of  the  machine. 

An  interesting  application  of  the  magnetic  attractive  force 
is  to  be  found  in  certain  lifting  devices.  Shells,  ingots,  and 
heavy  iron  plates  are  now  lifted  by  means  of  electromagnets, 
the  latter  serving  in  place  of  the  hooks  on  the  crane  chains. 
When  a  load  is  to  be  lifted  the  magnet  is  lowered  on  ta.it, 
and  [the  exciting  circuits  thereupon  closed ;  by  breaking  the 
circuit,  the  load  is  again  released. 
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CHAPTER   IV. 

Action     of     Current    upon    Magnet-  Field    of     a    Current — 

Strength  of   Field   produced    by  a  Current — Unit   Current — 

Mechanical    Force    between   Current   and   Magnet— Practical 

Examples — English    System    of    Measurement. 

Directive  Action  of  a  Current  upon  a  Magnet. 

If  we  lay  a  case  containing  a  compass  needle  on  the  table 
and  stretch  a  wire  across  the  top  of  it,  we  find  that  upon 
sending  a  current  through  the  wire  the  needle  tends  to  set 
itself  at  right  angles  to  the  wire.  If  the  needle  is  not  under 
the  influence  of  any  other  force,  or  if  the  current  is  very 
strong,  the  position  assumed  is  exactly  perpendicular  to  the 
wire;  and  if  other  forces  act  on  the  needle,  the  position 
assumed  by  it  indicates  the  direction  of  the  resultant  of  these 
other  forces  and  the  deflecting  force  due  to  the  current.  We 
are  thus  able,  by  observing  the  degree  to  which  the  needle  is 
deflected,  to  form  an  estimate  of  the  deflecting  force  exerted  by 
the  current.  We  find  in  this  way  that  the  force  is  diminished 
if  we  raise  the  wire  parallel  to  itself  a  certain  distance  from 
the  needle ;  also  that  the  direction  of  this  force  is  reversed  if 
we  place  the  wire  below  instead  of  above  the  needle,  and  that 
for  all  positions  the  force  increases  with  the  current. 

The  Magnetic  Field  of  a  Current. 

It  will  be  obvious  from  these  experiments  that  a  wire 
carrying  a  current  is  surrounded  by  circular  lines  of  force 
over  its  whole  length,  and  that  the  lines  are  densest  near 
the  wire  and  less  dense  at  a  distance.  There  is,  in  fact,  a 
kind  of  magnetic  whirl  round  the  wire,  as  shown  in  Fig.  12, 
the  lines  forming  concentric  rings.  This  will  be  more  clearly 
:seen  in  Fig.  13,  where  the  wire  is  supposed  to  pierce  a  sheet 
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of  paper  on  which  the  lines  are  traced.  According  to  Ampere's 
well-known  rule,  the  direction  in  which  the  north  pole  of  a 
needle  is  deflected  can  be  ascertained  in  the  following  manner : 
Imagine  a  man  swimming  in  and  with  the  current  and  looking 
at  the  north  pole  of  the  needle,  then  the  latter  will  be  deflected 
to  the  left  of  the  swimmer.  We  have  in  a  previous  chapter 
defined  the  direction  of  flow  of  force  in  a  magnetic  field  as 
that  in  which  a  free  north  pole  is  urged  to  travel,  and  this 
definition,  combined  with  Ampere's  rule,  enables  us  at  once 


FIG.  12. 


FIG    13. 


to  determine  the  sense  in  which  the  magnetic  whirl  takes 
place.  If  the  current  flows  upwards  through  the  wire 
{Fig.  13),  the  flow  of  force  must  be  in  the  sense  as  shown 
"by  the  arrows ;  or,  to  put  it  in  another  way,  if  we  look  in  the 
direction  in  which  the  current  flows,  the  flow  of  force  is  clockwise. 
Another  simple  rule  to  remember  is  as  follows :  If  we  hold 
the  live  conductor  with  the  right  hand  so  that  the  outstretched 
thumb  indicates  the  direction  of  the  current,  then  the  lines 
of  force  circle  round  the  conductor  so  that  they  emerge  at 
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the  tips  of  the  fingers.  That  the  lines  of  force  arrange 
themselves  in  concentric  circles  can  easily  be  shown  by  a 
modification  of  the  experiment  with  iron  filings,  which  we 
described  in  connection  with  the  field  of  a  magnet.  We 
take  a  glass  plate  (Fig.  14)  and  drill  a  hole  through  its  centre. 
The  plate  is  covered  with  a  thin  film  of  paraffin,  and  a  wire 
is  threaded  through  the  hole.  Now  send  a  current  through 
the  wire,  and  sprinkle  iron  filings,  at  the  same  time  gently 
tapping  the  plate  to  facilitate  the  arrangement  of  the  filings. 


FIG.   14. 


The  latter  will  assume  the  position  shown  in  the  diagram. 
To  retain  the  filings  we  have  only  to  gently  heat  the  [plate, 
when  the  paraffin  melts,  and  the  iron  filings  become  embedded, 
and  are  thus  fixed  in  position  after  the  plate  has  cooled 
again. 

Strength  of  Field  Produced  by  a  Current. 

Having  thus  found  that  a  current  is  surrounded  by  a 
magnetic  whirl,  constituting  the  field  of  the  current,  the 
next  thing  to  do  is  to  ascertain  the  strength  of  the  field  at 
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any  point  in  the  space  surrounding  the  wire.  From  the 
circular  arrangement  of  the  iron  filings  we  at  once  conclude 
that  the  force  at  any  point  is  exerted  at  right  angles  to  the 
plane  laid  through  that  point  and  the  part  of  the  wire,  the 
influence  of  the  current  in  which  we  desire  to  measure.  It 
is,  however,  impossible  to  measure  by  itself  the  force  exerted 
upon  an  exploring  pole  by  the  current  in  a  short  bit  of  wire, 
since  the  current  must  be  brought  to  and  led  from  this  short 
bit  by  other  wires,  the  current  in  which  must  also  influence 
our  pole,  and  thus  mask  the  effect  of  the  particular  piece 
investigated.  We  can  only  obtain  a  current  in  a  closed 
circuit,  and  the  exploring  pole  must  necessarily  be  under  the 
influence  of  the  whole  of  the  circuit.  To  investigate  the  law 
experimentally,  it  is  therefore  necessary  to  take  a  circuit  of 
such  simple  shape  that  the  observed  effects  due  to  the  whole 
circuit  may  enable  us  to  draw  a  conclusion  as  to  the  effect  of 
any  single  part. 

The  most  simple  imaginable  arrangement  is  that  of  a 
circular  current  with  the  exploring  pole  placed  in  the  plane 
and  centre  of  the  circle.  In  this  case,  however,  all  parts  of 
the  circuit  are  equidistant  from  the  pole,  and  the  direction 
of  the  current  in  any  element  of  the  circuit  is  at  right  angles 
to  the  line  joining  the  element  and  the  pole.  The  results 
obtained  with  such  an  apparatus  will  therefore  not  be 
applicable  without  further  verification  to  circuits  in  which 
the  elements  are  not  equidistant  from  the  pole  and  form 
other  than  right  angles  with  the  lines  joining  them  to  the 
pole.  By  using  a  circular  current  we  find  that  the  force 
exerted  upon  unit  pole  placed  in  the  centre  of  the  circle  is 
proportional  to  the  circumference  of  the  circle  to  the  current 
strength,  and  inversely  proportional  to  the  square  of  the 
radius  of  the  circle.  We  may  thus  reasonably  conclude  that 
the  force  exerted  by  an  element  is  proportional  to  the  length 
of  this  element,  the  current,  and  inversely  proportional  to  the 
square  of  the  distance  of  the  element  from  the  unit  pole,  but 
only  if  the  element  forms  a  right  angle  with  the  line  joining  it 
to  the  pole.  Where  this  condition  is  not  fulfilled  the  experiment 
leaves  us  without  information.  Here  it  is  necessary  to  make 
an  assumption,  and  to  verify  it  by  a  subsequent  experiment. 
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The  assumption  we  make  is  that  if  the  element  forms  an  angle 
of  less  than  90  deg.  with  the  line  joining  it  with  the  pole — 
that  is,  when  the  element  is  not  seen  in  its  full  length,  or,  so  to 
speak,  broad  side  on  from  the  pole — the  force  is  diminished  in 
the  ratio  of  i  to  the  sine  of  the  angle.  In  other  words,  instead 
of  taking  the  length  of  the  element  itself,  we  take  that  of  its 
projection  in  the  line  of  view  from  the  pole.  An  element  lying 
wholly  in  that  line  will,  therefore,  exert  no  force  on  the  pole. 
Whether  our  assumption  is  correct  can  be  verified  by  experi- 
ment, and  for  this  purpose  we  choose  an  infinite  straight 
current  flowing  down  the  wire,  W  W  (Fig.  15).  In  reality  we 
can  not,  of  course,  have  an  infinitely  long  wire,  but  by  taking 
a  wire  of  considerable  length  as  compared  with  the  distance  of 
the  pole  N  from  the  wire,  we  shall  approach  very  closely  to 
the  theoretical  condition,  especially  if  we  take  care  to  carry  the 
other  parts  of  the  circuit  as  far  away  from  the  pole  as  possible. 
The  current,  c,  in  the  element  A  B  exerts  a  force  which  in 

absolute  measure  is  given  by  the  expression  —  -f — ,  and  that 
exerted  by  the  element  C  D  is,  according  to  our  assumption, 
given  by  the  expression  ^— —  If  we  now  integrate  these 

elementary  forces  over  the  whole  length  of  the  wire,  and 
find  that  the  resulting  force  is  that  found  by  experiment,  we 
naturally  conclude  that  our  assumption  was  correct.  It  is  for 
this  purpose  not  even  necessary  to  make  a  quantitative  experi- 
ment— that  is,  actually  weigh  the  force — since  the  absolute 
magnitude  of  such  forces  has  already  been  found  by  the 
experiment  with  the  circular  current.  All  we  now  care  to 
know  is  the  law  according  to  which  the  force  varies  with  the 
distance,  a,  and  this  can  be  found  by  a  very  simple  experiment. 
Let,  in  Fig.  16,  W  W  again  represent  the  wire,  and  suppose 
there  is  suspended  round  it  a  ring-shaped  wooden  disc,  D,  on 
which  we  place  a  magnet,  N  S,  in  any  position.  We  find  that 
there  is  no  tendency  for  the  disc  to  rotate,  though  the  magnet 
taken  by  itself  tends,  as  we  have  already  seen,  to  set  itself  at 
right  angles  to  the  wire.  With  the  direction  of  current  as 
indicated  by  the  arrow,  the  north  pole  of  the  magnet  will  tend 
to  move  forward  in  clockwise  direction,  as  seen  in  Fig.  16, 
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whilst  the  south  pole  will  tend  to  move  in  the  opposite 
direction ;  and  since  each  force  taken  by  itself  would  produce 
rotation  of  the  disc,  we  conclude  that  the  corresponding 
turning  moments  exerted  upon  the  disc  are  equal  and  opposite. 
The  forces  exerted  upon  the  poles  must  therefore  be  inversely 
as  their  distances,  alt  a%,  from  the  wire ;  and  if  we  find  that  the 
integration  of  the  elementary  forces  in  Fig.  15  gives  us  this 
result,  we  naturally  conclude  that  our  assumption  was  correct. 


In  this  figure,  the  force  exerted  by  the  element  A  B  tends  to 
lift  the  pole  N  out  of  the  plane  of  the  paper,  and  the  same  is 
true  for  D  C  and  any  other  element.  If  N  be  a  unit  pole,  the 
force  due  to  the  current,  c,  in  the  element  C  D  is 
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-  If  we  denote  the  distance  between  the  elements,  A  B  and 
C  D,  by  x,  and  make  the  length  of  the  element  C  D  so  small 
that  it  may  be  considered  an  infinitely  small  increment,  d  x, 
of  this  distance,  we  have 

x  =  a  cotg.  a  and  d  x  =     af  a 
sin-*  2  a 

j  •„       d  x  .  sin3  a  .  c 


sn   a 

.  sin3  a  .  c 
a'2 

a  .  d  a  .  sin8  a  .  c 
a*  sina  a 

c  sin  a  d  a 


a 


which,  integrated  over  the  whole  length  of  the  wire  —  that  is, 
from  a  «-  o  to  a  =  IT  —  gives  the  total  force 


(4) 


We  see,  therefore,  that  the  force  tending  to  lift  the  unit 
pole,  N,  out  of  the  plane  of  the  paper  is  indeed  inversely 
proportional  to  a,  the  distance  of  the  pole  from  the  wire,  and 
that,  therefore,  our  above  assumptions  are  correct. 

Definition  of  Unit  Current. 

Since  the  force  exerted  upon  unit  pole  is  in  the  C.G.S. 
system  equal  to  the  induction  in  air,  or  the  strength  of 
field  H,  we  can  also  write 

H  -  ^  (5) 


and  say  that  the  induction  at  a  point  of  the  field  of  a  current 
flowing  along  a  very  long  straight  wire  is  two  times  the  current 
divided  by  the  distance  of  the  point  from  the  wire.  This  relation 
gives  us  at  once  the  definition  of  unit  current.  It  is  that 
current  which,  flowing  along  a  straight  wire  of  infinite  length, 
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produces  a  field  of  2   C.G.S.  units  at  all  points   i  cm.  from  the 
wire,  or  unit  field  strength  at  a  distance  of  2  cm.  from  the  wire. 

This  definition,  although  perfectly  correct,  is  not  the  one 
generally  given  in  text-books.  It  is  customary  to  define  unit 
current  in  relation  to  a  circular  conductor  of  i  cm.  radius. 
Obviously  the  force  exerted  by  a  current,  c,  upon  a  unit  pole 
placed  in  the  centre  of  the  circle  is  TT  c,  and  if  the  current 
is  unity  the  force  is  2  TT.  Hence  we  may  also  define  unit 
current  as  that  current  which,  flowing  in  a  thin  wire  forming  a 
circle  of  i  cm.  radius,  acts  upon  a  unit  pole  placed  in  the  centre 
with  a  force  of  2  TT  dynes.  The  unit  of  current  thus  defined, 
although  of  convenient  magnitude,  has  not  been  adopted  in 
practice.  It  is  customary  to  measure  currents  in  a  unit  only 
one-tenth  the  magnitude  of  that  here  defined,  and  to  call 
this  practical  unit  the  AMPERE.  Thus  a  current  of  25  amperes 
is  the  same  as  a  current  of  2*5  units  in  the  C.G.S.  system. 
Mechanical  Forces  between  Currents  and  Magnets. 

To  a  certain  extent  we  have  already  in  the  preceding  para- 
graphs considered  the  mechanical  forces  between  conductors 
and  magnets,  but  this  was  done  principally  with  the  object 
of  determining  the  properties  of  the  magnetic  field  of  a 
current.  We  must  now  approach  the  subject  more  from  the 
engineer's  point  of  view,  and  consider  in  detail  the  mechanical 
forces  between  conductors  carrying  currents  and  magnet  poles 
or  magnetic  fields.  It  will  at  once  be  evident  that  if  in  our 
previous  investigations  we  had  assumed  the  strength  of  the 
exploring  pole  to  be  M  instead  of  unity,  all  the  forces  would 
have  been  M  times  larger.  Similarly,  if  the  radius  of  the 
coil  had  been  r  centimetres  instead  of  i  cm.,  the  force  exerted 
upon  the  pole  would  have  been  smaller  in  the  ratio  of  i  to  r. 
Let,  in  Fig.  17,  N  S  represent  a  magnet  of  the  pole-strength 
M,  and  place  the  north  end  into  the  centre  of  a  circular  wire 
of  radius  r,  which  is  supplied  with  a  current,  c,  from  a  cell,  C. 
Let  the  magnet  be  so  long  that  the  influence  of  the  current 
upon  its  south  pole  may  be  neglected,  then  the  force  with 
which  the  north  pole  will  be  drawn  to  the  left  is  given  by  the 
expression 

p    =     M   27TC  (6) 
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From  the  pole  N,  lines  of  force  emanate  in  all  directions,  and, 
as  was  shown  in  Chapter  II.,  equation  (i),  the  whole  flow  of 
force  is  4  TT  M. 

Imagine  a  sphere  of  radius  r  laid  round  the  pole,  then  the 

density  of  lines  on  the  surface  of  this  sphere  is  — —  =  — 

4  TT  1  Y 

The  whole  of  the  circular  wire  lies,  therefore,  in  a  field  of  the 
strength  — ,  for  which  we  write  the  symbol  $,  meaning  thereby 
thi  induction  or  flow  of  force  through  the  space  close  round 


FIG.   17 


the  wire.  It  is  customary  to  use  the  symbol  |i  for  the  induction 
through  iron,  as  will  be  shown  later  on,  and  to  express  the 
strength  of  a  field  by  the  symbol  H.  But  as  we  shall  use  this 
symbol  to  denote  the  line  integral  of  magnetic  force,  it  will  be 
best  to  retain  the  symbol  |i  in  all  cases  where  we  deal  with 
induction  or  flow  of  force  per  square  centimetre,  whether  this 
flow  takes  place  through  iron  or  any  other  substance.  In  the 
present  case  the  substance  is  air,  and  the  lines  of  force  cut  the 
wire  in  every  point  of  it  at  a  right  angle,  and  the  force  pro- 
duced in  every  point  is  parallel  to  the  axis  of  the  magnet — 
that  is  to  say,  at  right  angles  both  to  the  lines  of  the  field 
and  to  the  direction  of  the  current.  That  a  mechanical  force 
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must  act  on  the  wire  is  evident  from  the  consideration  that 
there  can  be  no  action  on  the  magnet  without  an  equal  and 
opposite  reaction  on  the  wire.  We  have  seen  that  if  the  coil 
is  fixed  the  magnet  will  be  drawn  to  the  left.  Now,  if  we 
imagine  the  magnet  to  be  fixed,  the  tendency  will  be  to  draw 
the  coil  to  the  right.  We  thus  see  that  a  wire  through  which 
a  current  passes  has,  when  placed  into  a  magnetic  field,  the 
tendency  to  move  parallel  to  itself  and  at  right  angles  to  the 
lines  of  the  field.  The  force  producing  this  tendency  is,  in 
the  case  represented  by  Fig.  17,  given  by  the  equation 

P  =  2  TT  r  c  $. 

Now,  2  TT  r  is  the  length,  /,  of  the  circular  wire,  and  we  find, 
therefore,  that  the  mechanical  force  in  dynes  acting  upon  the 
wire  is  given  by  the  product  of  current  strength,  length  of 
conductor  within  the  influence  of  the  field,  and  strength  of 
field,  or  in  symbols, 

P  =  lc  $ (7) 

In  this  expression  the  current  is,  of  course,  given  in  C.G.S. 
measure.  If  it  be  given  in  amperes,  we  have 

P  =  lc&  10  ">. 
To  get  the  forces  in  kilogrammes  we  divide  by  981,000 

P  kilogrammes  =       l  °^ —  (8) 

9,810,000 

Or  for  convenience 

P  kilogrammes  =  1-01937  I  c  ^  io~s    .     .       (9) 

Practical  Examples. 

Thus,  a  wire  carrying  100  amperes,  and  passing  for  the 
length  of  i  m.  through  a  field  of  1,000  C.G.S,  units,  is  acted 
upon  with  a  force  of  i'oi937  kg.,*  or  very  nearly  i\  Ib. 

It  is  this  mechanical  force  due  to  the  interaction  of  magnetic 
fields  and  electric  currents  which  in  generators  has  to  be  over- 
come by  the  power  of  the  prime  mover,  and  in  motors  gives 
the  turning  moment,  or  torque,  to  the  spindle  of  the  armature. 

This  will  be  clearly  seen  from  Fig.  18,  which  is  a  diagram- 
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matic  representation  of  a  motor  or  generator.  For  the  sake  of 
simplicity,  only  one  loop  of  wire,  A,  B,  C,  D,  is  shown  on  the 
armature,  and  the  field  magnets  are  shown  in  dotted  lines. 
Through  the  narrow  space  included  between  the  inner  surface 
of  the  pole-pieces  and  the  outer  surface  of  the  armature  core 
(variously  called  air-space,  interpolar  space,  air-gap,  etc.)  there 
exists  a  strong  magnetic  field — that  is  to  say,  the  space  is 
traversed  by  lines  of  force,  all  flowing  radially  inwards  from 
the  north  pole-piece  into  the  armature  core,  and  radially 
outwards  from  the  armature  core  to  the  south  pole-piece  on 


FIG.    18. 


the  other  side.  An  element  of  the  armature  conductor,  A  B 
is  therefore  in  exactly  the  same  relation  to  the  lines  emanating 
from  the  north  pole-piece  as  in  an  element  of  the  circular 
conductor  (Fig.  17),  in  relation  to  the  lines  emanating  from  N. 
Each  element  of  this  circular  conductor,  and  therefore  the 
whole  conductor,  is  pushed  to  the  right  (the  right  hand  of  a 
swimmer  in  the  current  looking  at  the  north  pole,  so  that  the 
lines  would  pierce  him  in  front),  and  if  we  imagine  a  swimmer 
in  the  conductor,  A  B,  it  is  easy  to  see  that  the  tendency  will 
be  tp  push  the  conductor  upwards,  giving  the  armature  a 
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counter  clockwise  rotation,  as  seen  from  the  end  at  which  the 
current  enters.  If,  in  Fig.  17,  we  reverse  the  magnet  so  that 
the  south  pole,  S,  occupies  the  centre  of  the  circle,  and 
imagine,  again,  a  man  swimming  in  .  and  with  the  current 
whilst  looking  to  the  south  pole,  so  that  the  lines  of  force 
pierce  him  at  the  back,  then  the  conductor  will  be  pushed  to 
the  left.  By  applying  the  same  reasoning  to  the  conductor, 
C  D,  in  Fig.  18,  we  find  that  it  will  be  pushed  downwards, 
which  will  also  produce  a  counter  clockwise  rotation. 

The  application  of  formula  (9)  may  be  shown  by  the  following 
example :  In  modern  dynamos  and  motors  the  strength  of 
rield  in  the  interpolar  space  may  be  taken  as  at  least  5,000 
C.G.S.  units.  Assume  that  a  current  of  100  amperes  flows 
through  the  wire,  A  B,  in  Fig.  18,  then  the  force  acting  upon, 
say,  10  cm.  of  wire  is  given  by  formula  (9)  as  "5097  of  a 
kilogramme,  or  ri2  Ib.  This  corresponds  in  English  measure 
to  about  3*4  Ib.  per  foot  of  wire  if  the  current  is  100  amperes. 
We  may  thus  say  that  with  the  strength  of  field  customary  in 
ordinary  dynamos  and  motors,  every  foot  of  wire  under  the 
influence  of  the  field  is  subjected  to  a  force  of  a  little  less 
than  3^-  Ib.  when  the  current  passing  through  the  wire  is 
100  amperes.  With  larger  or  smaller  currents  this  force  will, 
of  course,  be  proportionately  larger  or  smaller. 

The  English  System  of  Measurement. 

The  metric  system  of  measurement,  which  we  have  up  to 
the  present  employed,  although  the  most  rational  and  simple 
for  purely  scientific  work,  is  not  always  convenient  for  the 
workshop,  and  for  such  purposes  another  system,  which  has 
received  the  name  of  the  "  English  system  of  measurement,"  is 
often  employed.  In  this  system  we  reckon  forces  in  pounds, 
lengths  in  inches,  and  magnetic  induction  in  a  unit  6,000  times 
as  great  as  the  corresponding  C.G.S.  unit.  This  particular 
relation  of  I  to  6,000  has  been  adopted  on  account  of  certain 
calculations  required  in  the  design  of  dynamos,  as  will  be 
explained  in  a  later  chapter.  For  the  present  it  suffices  to 
-note  that  a  total  flow  of  6,000  C.G.S.  lines  is  equivalent 
to  a  total  flow  of  force  represented  by  one  English  line  : 
that  120,000  C.G.S.  lines  are  equivalent  to  20  English 
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lines,  and  so  on.  The  induction  per  square  centimetre,  or 
what  is  briefly  called  "  induction,"  in  the  C.G.S.  system,  can 
be  expressed  by  its  equivalent  in  the  English  system  as  a 
density  of  so  many  English  lines  per  square  inch.  Calling  B 
the  induction  in  English  measure,  and  ^  the  induction  in  the 
C.G.S.  measure,  we  find  by  a  simple  calculation  that  the  two 
are  related  as  follows  : 

B  =       ^  .     (10) 

930-04 

By  introducing  this  term  and  substituting  inches  for  centi- 
metres in  equation  (y),  we  find 

P  pounds  =  513  c  I  B  io-°     .      .      .     (n) 

By  the  aid  of  equations  (9)  or  (n)  we  can  at  once  find  the 
torque,  or  turning  moment,  of  an  armature  of  the  kind  repre- 
sented in  Fig.  18.  Let,  by  way  of  example,  the  diameter  of 
the  armature  measured  to  the  centre  of  the  conductors  be 
12  in.  and  its  length  20  in.  Assume  that  there  are  120  con- 
ductors on  the  outside  of  the  armature,  and  let  the  pole-pieces 
embrace  an  angle  of  120  deg.  on  each  side.  Then  there  will 
be  under  each  pole-piece — that  is,  within  the  field  on  each 
side— 40  wires.  Let  the  current  passing  through  the  armature 
be  400  amperes.  It  will  be  shown  in  a  subsequent  chapter 
that  the  current  passing  through  an  armature  of  this  descrip- 
tion splits  at  a  certain  point  of  the  commutator  into  two 
branches,  each  branch  or  half  going  successively  through  half 
the  wires  and  the  two  branches  uniting  again  at  the  opposite 
point  of  the  commutator.  Thus,  in  our  case,  each  wire  will 
carry  a  current  of  200  amperes,  and  the  direction  of  these 
currents  is  towards  the  commutator  in  all  wires  lying  to  one 
side  of  the  vertical  (the  so-called  neutral)  diameter  of  the 
armature,  and  from  the  commutator  on  the  other  side  of  that 
diameter.  Thus  the  currents  in  both  branches  conspire  to 
produce  torque. 

Assuming  the  strength  of  field  to  be  equivalent  to  an  induc- 
tion of  five  lines  (English  measure),  then  the  force  exerted  by 
one  of  the  wires  under  a  pole-piece  is  from  (n) 

P  pounds  =  531   x   200  x  20  x   5  x    10  **; 
P  =  10-62  Ib. 
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As  there  are  40  wires  on  each  side  we  have  a  tangential 
force  on  the  surface  of  the  armature  of  2  x  40  x  10*62  lb.,  or 

849-6  lb., 

which  force,  acting  on  a  radius  of  '5  ft.,  produces  a  torque  of 
424^8  foot-pounds 

If  we  know  the  speed  at  which  the  armature  is  driven,  we 
can  at  once  find  the  energy  required  to  overcome  the  torque 
due  to  the  electromagnetic  interaction  between  the  field  and 
the  armature  current.  The  work  done  in  one  revolution  is 
obviously  849*6  x  3-14  =  2,670  foot-pounds.  If  the  armature 
makes  500  revolutions  per  minute,  the  energy  is 

=iOO  x  2,670 

=  40-5  h.p. 


33,000 

From  what  has  been  said  in  the  first  chapter  it  will  be  clear 
that  this  energy  must  represent  the  product  of  current  and 
E.M.F.  divided  by  746,  and  since  we  know  the  current, 
which  was  assumed  to  be  400  amperes,  we  can  calculate 
the  E.M.F.,  E,  from  the  equation 

40-5  x   746  =  400  E  ; 

E  =  75'5  volts- 

In  a  subsequent  chapter  it  will  be  shown  how  the  E.M.F.  of 
an  armature  can  be  calculated  without  the  preliminary  process 
of  determining  the  torque. 
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CHAPTER    V. 

The  Electromagnet — The  Solenoid— Magnetic   Permeability 
Magnetic    Force  — Line    Integral    of    Magnetic     Force     Total 
Field— Practical    Example  — Extension     of    Theory    to     Sole  = 
noidal    Electromagnets -Magnetic    Resistance. 

The  Electromagnet. 

Up  to  the  present  we  have  spoken  of  magnets  and  the  field 
surrounding  their  poles,  without  enquiring  how  the  magnets 
were  produced.  It  was,  indeed,  immaterial  for  our  purpose 
to  know  whether  the  magnet  was  a  so-called  "permanent" 
steel  magnet  or  an  electromagnet,  so  long  as  it  had  the 
required  strength  of  magnetisation.  In  practice,  however, 
it  is  not  possible  to  obtain  this  strength  of  magnetisation  by 
the  well-known  process  of  stroking  a  steel  bar  with  a  load- 
stone, and  we  are  forced  to  employ  electromagnets — that  isr 
pieces  of  soft  iron  which  have  been  rendered  magnetic  by 
passing  an  electric  current  round  them.  The  action  of  dynamo 
machines,  so  far  as  we  have  up  to  the  present  investigated  itT 
depends  entirely  upon  the  strength  of  the  magnets  employed  ; 
and  before  we  can  establish  a  working  theory  of  such  machines, 
we  must  answer  the  question  as  to  how  such  magnetism  will 
be  developed  in  a  given  piece  of  iron  by  passing  a  certain 
current  so  many  times  round  it.  In  other  words,  we  must  find 
the  relation  between  current-turns,  or,  as  they  are  commonly 
called,  "  ampere-turns,"  and  the  total  flow  of  magnetic  force 
which  they  produce.  It  will  at  once  be  evident  that  the  exact 
manner  in  which  the  product  of  turns  and  current  is  made  up 
is,  for  our  present  purpose,  quite  immaterial.  Whether  we 
have  a  small  current  going  round  a  piece  of  iron  many  times, 
or  a  large  current  going  round  the  same  piece  of  iron  only  a 
few  times,  the  resulting  magnetism  will  be  the  same  in  both 
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cases,  provided  the  space  occupied  by  the  wire  and  the  product 
of  current  and  number  of  turns  are  the  same.  That  this  must 
be  so  can  easily  be  seen  if  we  imagine  two,  three,  or  more  of 
the  convolutions  of  the  small  wire  carrying  the  small  current 
grouped  into  one,  which  would  then  carry  a  current  two, 
three,  or  more  times  the  strength  of  the  small  current ;  and  by 
applying  this  substitution  over  the  whole  coil,  we  can  pass 
from  one  case  to  the  other  without  having  changed  the  final 
result. 


Fie.   19. 


Fig.  19  represents  an  electromagnet  of  the  form  usually 
found  in  physical  laboratories,  and  intended  to  show  that  a 
piece  of  soft  iron  can  be  made  magnetic  by  passing  a  current 
round  it.  A  bar  of  round  iron  is  bent  into  the  rectangular 
shape  shown,  and  forms  the  magnet,  N  Y  S.  Over  the 
vertical  limbs  are  placed  two  coils  of  insulated  copper  wire, 
C  C,  and  across  the  poles  of  the  magnet  is  laid  an  armature,  A, 
to  which  a  weight,  Q,  is  attached  to  show  the  power  of  the 
magnet.  As  long  as  the  current  flows  in  the  direction 
indicated  by  the  arrows  the  weight  is  supported,  but  if  the 
current  is  interrupted  the  weight  generally  falls.  We  use 
the  word  "generally"  advisedly,  because,  as  a  matter  of  fact, 
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the  weight  does  not  always  fall  upon  stopping  the  current,  the 
reason  being  that  in  a  closed  magnetic  circuit  the  flow  of 
force  persists  to  a  certain  extent  after  the  cause  which 
created  this  flow  in  the  first  instance  has  ceased  to  act. 
When  therefore  the  weight  is  much  smaller  than  the  electro- 
magnet could  support,  the  residual  flow  of  force  may  be 
sufficient  to  keep  the  weight  up,  but  as  this  is  merely  a 
secondary  effect  we  need  not  further  consider  it,  and  can 
assume  that  the  ability  to  support  the  weight  is  lost  as  soon 
as  the  current  is  interrupted. 

Experiment  shows,  also,  that  the  amount  of  weight  which 
a  magnet  can  support  increases  up  to  a  certain  point  with 
the  current.  It  was  shown  on  page  44  that  between  the 
sustaining  power  of  a  magnet  and  its  strength  of  pole,  or 
rather  the  induction  passing  through  its  polar  surface,  there 
exists  a  definite  relation,  and  by  making  use  of  the  formula 
then  given  we  might  thus,  from  the  weight  required  in  each 
case  to  tear  the  armature  off,  calculate  the  total  induction 
produced  by  each  current,  and  knowing  the  number  of  turns 
in  the  coils  find  the  relation  between  the  ampere-turns  (or 
exciting  power,  as  this  quantity  is  generally  called)  and  total 
flow  of  magnetic  force.  This  method  of  investigation  is, 
however,  unsatisfactory,  on  account  of  the  error  introduced 
by  the  effect  of  the  edges  of  the  polar  surfaces,  as  was  already 
mentioned  on  page  45,  and  another  method,  first  used  by 
Ur.  Hopkinson,  is  generally  employed  to  determine  the 
relation  between  exciting  power  and  induction  for  different 
samples  of  iron.  This  method  will  be  described  later  on  ; 
for  the  present  it  will  suffice  to  note  that  the  induction 
increases  within  certain  limits  with  the  exciting  power,  and 
that  for  a  given  exciting  power  it  is  the  greater  the  softer 
the  iron. 

The  Solenoid. 

We  have  seen  that  a  single  circular  loop  of  wire  traversed 
by  a  current  (Fig.  17)  acts  upon  a  magnet  as  if  it  were  a 
magnet  itself,  and  if  such  a  loop  is  delicately  suspended  so 
as  to  be  freely  capable  of  rotation  round  its  vertical  diameter, 
it  will  behave  very  much  like  a  compass  needle — that  is  to 
say,  it  will  set  itself  into  such  a  position  that  the  plane  of  the 
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loop  points  east-west,  the  top  half  circle  being  traversed  by 
a  current  in  a  west-east  and  the  lower  half  circle  by  a  current 
in  an  east-west  direction.  Now,  let  us  imagine  that  instead 
of.  a  single  circular  loop  we  have  a  succession  of  spiral  loops, 
as  shown  in  Fig.  20,  forming  together  a  cylindrical  coil.  Such 
a  coil  is  called  a  solenoid,  and  with  it  we  can  reproduce  all  the 
effects  of  a  straight  bar  magnet.  If  we  lay  a  sheet  of  paper 
over  it  and  sprinkle  iron  filings,  we  find  the  same  arrangement 
of  lines  of  force  as  with  a  real  steel  magnet;  and  if  we 
suspend  it  in  a  magnetic  field  (that  of  the  earth,  for  instance) 


FIG.  20. 


its  axis  will  point  north-south  as  if  it  were  a  compass  needle. 
This  experiment  can  be  performed  with  the  apparatus  shown 
diagrammatically  in  Fig.  20.  The  ends  of  the  wire  are  bent- 
as  shown,  and  dip  into  mercury-cups  supported  on  the  hori- 
zontal arms  of  a  stand,  so  as  to  allow  of  free  rotation.  The 
mercury  in  the  cups  are  connected  by  wires  with  the  terminals 
of  a  cell,  and  the  current  is  thus  led  to  and  from  the  apparatus 
without  appreciable  friction.  For  convenience  of  manufacture 
we  may  wind  the  solenoid  upon  a  wooden  core,  but  whether 
this  core  is  present  or  not,  the  effect  of  a  current  is  to  give  the 

5 


66  DYNAMOS,    ALTERNATORS, 

solenoid  magnetic  polarity,  as  shown  by  the  letters  N  S  in  the 
diagram.  It  is  as  though  the  solenoid  were  a  tube  through 
which  there  is  a  flow  of  magnetic  force.  A  magnet  pole 
approached  to  the  pole  of  a  solenoid  will  attract  or  repel  it 
as  if  were  another  magnet,  and  the  phenomena  of  attraction 
and  repulsion  can  also  be  observed  between  the  poles  of  two 
solenoids,  so  that  in  every  respect  solenoids  behave  as  if  they 
were  magnets. 

Magnetic   Permeability. 

It  has  been  shown  that  every  wire  through  which  a  current 
passes  becomes  the  origin  and  centre  of  a  magnetic  whirl,  and 
in  a  solenoid  where  all  the  wires  lie  close  together  these 
separate  whirls  merge  into  one  common  flow  of  magnetic  force 
which  passes  into  the  centre  cylindrical  space  at  or  near  the 
south  pole  of  the  solenoid,  traverses  its  length  in  stream-lines, 
which  are  more  or  less  parallel  to  the  axis  of  the  cylinder, 
and  passes  out  at  the  north  pole.  In  the  space  surrounding 
the  solenoid  the  lines  of  force  curve  round  from  the  north  to 
the  south  pole,  as  is  easily  seen  by  the  iron  filings.  If  we 
now  insert  a  bar  of  iron  into  the  solenoid  in  lieu  of  the  bar 
of  wood,  we  find  that  the  external  field  has  become  much 
stronger.  The  filings  arrange  themselves  in  denser  lines,  the 
directive  power  of  the  suspended  solenoid  (Fig.  20)  has  become 
much  stronger,  and  the  forces  of  attraction  and  repulsion  are 
more  consideiable. 

We  conclude  that  the  presence  of  the  iron  has  induced  a 
flow  of  force  which  is  many  times  as  strong  as  was  previously 
the  case.  It  is  as  though  the  iron  offered  additional  facility  to 
the  path  of  the  lines,  or  were  more  permeable  to  them  than 
air.  This  property  of  increasing  the  flow  of  force  is  accord- 
ingly called  the  "  permeability "  of  the  iron,  and  different 
samples  of  iron  are  distinguishable  by  the  greater  or  lesser 
degree  in  which  they  have  this  property.  The  permeability 
is,  therefore,  a  numerical  coefficient  denoting  the  ratio  in 
which  the  presence  of  iron  multiplies  the  number  of  lines  of 
force  previously  existing  in  a  magnetic  field.  It  is  generally 
denoted  by  the  symbol  p  :  and  if  we  call  the  original  strength 
of  field — that  is,  the  induction  through  each  square  centimetre 
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of  field  —  H,  and  the  induction  through  the  iron  after  it  has 
been  pkced  into  the  field  $,  we  have  the  following  relation  : 

- 


Conversely,  if  we  know  the  permeability,  we  can  find  the 
induction  by  the  formula 

13    -   /X  H          ......        (II) 

The  permeability  of  a  given  sample  of  iron  is  not  a  constant, 
but  varies  with  the  induction  in  a  manner  which  cannot  be 
accurately  expressed  by  any  mathematical  formula,  but  must 
be  determined  experimentally  for  each  sample.  Now,  what 
we  require  to  know  in  the  designing  of  dynamos  is  the 
induction  which  we  shall  obtain  with  a  given  system  of  field 
magnets  excited  by  a  certain  number  of  ampere-turns,  and  we 
see  that  the  induction  is  the  product  of  two  factors  —  one,  the 
permeability,  which  must  be  found  by  experiment  ;  and  the 
other  the  original  flow  of  force  which  induces  the  magnetism 
in  the  iron,  and  which  we  therefore  call  "  magnetising  force  " 
or  "  magnetic  force."  Between  the  latter  and  the  exciting 
power  given  in  ampere-turns  there  exist  definite  relations 
which  are  capable  of  being  represented  by  formulae,  and  our 
problem  has  therefore  been  brought  down  to  the  question, 
What  are  the  laws  determining  the  relation  between  exciting 
power  and  magnetising  force,  and  how  are  these  laws  affected 
by  the  size  and  shape  of  the  magnets  ? 

Magnetic  Force. 

Imagine  a  uniform  magnetic  field  of  the  strength  H.  In 
such  a  field  the  lines  of  force  are  all  straight  parallel  lines, 
and  there  are  H  unit  lines  per  square  centimetre  of  cross- 
section.  Define  in  this  field  a  cylindrical  space  of  length  I  and 
area  A,  the  axis  of  the  cylinder  being  parallel  to  the  lines  of 
force.  Now  let  a  unit  exploring  pole  be  moved  from  a  point 
on  one  of  the  end  faces  of  this  cylinder  to  a  point  on  the  other 
end  face.  The  work  which  must  be  done  in  transit  is 
obviously  H  I,  and,  as  was  shown  in  Chapter  II.,  it  is 
independent  of  the  route  over  which  we  carry  the  exploring 

5* 
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pole.  This  work  is  equal  to  the  difference  of  magnetic 
potential  between  the  two  points.  We  thus  find  that  H  /  is 
simply  the  difference  of  magnetic  potential  between  the 
two  end  faces  of  our  cylindrical  space.  We  can  now,  by 
multiplying  and  dividing  the  right-hand  side  of  equation  (u) 
by  /,  bring  it  into  the  form 


which  shows  that  the  induction  is  proportional  to  the  differ- 
ence of  magnetic  potential,  to  the  permeability,  and  inversely 
propo'rtional  to  the  length  of  the  space.  Now,  imagine  a 
series  of  such  cylindrical  spaces,  each  of  a  different  length, 
but  all  of  the  same  cross-section,  a,  and  let  these  spaces  be 
filled  by  materials  of  different  permeabilities.  Let  the  lengths 
be  respectively  llf  1.2,  13,  etc.,  and  the  permeabilities  plt  /x2,  /x3, 
etc.;  then  we  can  establish  the  following  equations  : 


By  adding  these  equations  we  obtain 

H(/1   +  /2  +  /3+)      .       ,       .       (12) 


Line  Integral  of  Magnetic  Force. 

It  will  be  seen  that  the  term  on  the  right  of  this  equation 
is  simply  the  work  which  must  be  done  upon  unit  pole  in 
bringing  it  from  one  end  to  the  other  of  our  chain  of  cylinders. 
Nothing  would  have  been  altered  in  our  reasoning  if,  instead 
of  a  field  of  straight  lines,  we  had  assumed  one  of  curved  lines, 
provided  we  had  suitably  altered  the  shape  of  our  cylindrical 
spaces.  The  spaces  filled  by  materials  of  different  perme- 
ability might  in  this  case  form  a  complete  chain  closed  on 
itself,  and  our  exploring  pole  would  then  start  from  and  arrive 
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at  the  same  point,  but  the  journey  could  no  longer  be  taken 
along  any  arbitrary  route.  It  must  now  be  taken  along  a 
path,  looping  once  round  the  conductor,  the  current  in  which 
produces  the  field,  and  for  convenience  we  may  choose  a  route 
along  the  lines  of  force.  The  work  done  is,  therefore,  the  line 
integral  of  the  magnetic  force  taken  once  round  the  closed 


magnetic  circuit,  and  if  we  divide  this  quantity  by  the  term 
.      .       .          we   obtain   the    induction.      An 


—  +  —  +       .      . 

A*a     Ms  ' 

example  will  make  this  matter  clear.  Let,  in  Fig.  21,  W  W 
be  a  straight  wire  of  very  great  length,  through  which  flows  a 
current,  c,  in  the  direction  indicated  by  the  arrow.  Define 
round  this  wire  a  ring-shaped  space,  R,  of  section  A  and 
radius  a.  The  flow  of  magnetic  force  within  this  space,  as 
seen  from  above,  has  a  clockwise  direction,  so  that  if  we  carry 
a  unit  north  pole  once  round  the  ring  in  a  counter-clockwise 
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direction  we  must  perform  work.  It  has  been  shown  in 
equation  (5)  that  the  induction  in  air  or  the  strength  of 

field  of  such  a  current  is     — ,    which    represents   the   force 
a 

resisting  the  movement  of  the  exploring  pole  at  every  point  of 
its  journey.  To  find  the  work  done  in  carrying  the  pole  once 
round  the  ring,  we  multiply  this  force  with  the  distance 
traversed,  which  is  2  TT  a,  and  find 

Line  integral  of  magnetic  force  =  4  TT  c     .     (13) 
Tha  induction  can  now  be  found  from  equation  (12). 

»-.      Y\          d4) 

/I  I.)          {., 

Ml     M2     Ms 
whilst  the  total  field  strength  of  flow  of  lines  is 


It  should  be  noted  that  the  radius  of  the  ring  has  vanished 
from  the  equation.  We  conclude  from  this  fact  that  the  true 
circular  shape  of  the  ring  is  not  essential,  and  that  a  ring  of 
any  shape  would  give  the  same  induction  provided  the  length 
of  the  different  sections  were  the  same  as  in  the  circular  ring. 
This  conclusion  also  follows  from  the  fact  that  the  work  done 
upon  unit  pole  is  independent  of  the  exact  route  traversed, 
provided  this  loops  once  round  the  conductor,  the  current  in 
which  produces  the  field.  Instead  of  grouping  our  materials 
so  as  to  form  a  truly  circular  ring  round  the  conductor,  we 
may,  therefore,  group  them  in  any  other  way,  the  only  essential 
condition  being  that  they  shall  form  a  closed  circuit  round  it. 
An  arrangement  such  as  is  shown  in  Fig.  22  will,  therefore, 
be  magnetically  equivalent  to  that  shown  in  Fig.  21.  We  have 
here  the  field-magnet  system  and  armature  of  a  dynamo,  which 
form  together  a  closed  magnetic  circuit  round  the  wire,  W  W, 
through  which  the  current,  c,  flows.  If  the  cross-section  of 
the  magnetic  circuit  were  the  same  at  every  point,  formula  (14) 
could  at  once  be  used  to  determine  the  induction  across  the 
armature  in  this  dynamo;  but  for  reasons  which  will  be 
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explained  later  on,  it  is  not  customary  to  make  the  cross- 
section  of  the  different  parts  in  a  machine  the  same,  and  before 
we  can  use  the  formula  in  this  case,  we  must  alter  it  so  as  to 
be  applicable  to  magnetic  circuits  of  varying  cross-section. 


Total  Field. 


Let  Alf  A2,  A3,  etc.,  denote  the  cross-sections  of  the  various 
parts,  and  IP,,  |i2,  $i3,  etc.,  the  corresponding  induction;  then 
the  total  flow  of  lines,  which  must  obviously  be  a  constant 
for  the  whole  magnetic  circuit,  is  given  by  the  expressions 
A,  £1,  A  £9f  etc. 


FIG.  22. 
Formula  (n),  which  we  have  brought  into  the  form 

*_MH/ 

~T' 

can  now  also  be  written  as  follows  : 
F 


(-U-H/15 
Vi  A/ 
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And  by  adding  these  equations  we  obtain 

A  !  +  |L-!+..)  =  H  (i1+  i2  +  /3  +  .  .  ) 

A2  M2       A3  MS  ' 

The  term  on  the  right  is,  as  shown  above,  the  line  integral 
of  the  magnetic  force  emanating  from  the  current  in  the  wire, 
W  W,  and  is  given  by  the  expression  4  TT  c,  so  that  we  obtain 
for  the  total  flow  of  lines  the  expression — 

....  (15) 


_i__+_^_.lAi, 

A          ~   A          •    A 

A3  u3 


2  - 

A  P. 

Practical  Example. 

The  application  of  formula  (16)  can  best  be  shown  by  an 
example.  For  this  purpose  we  take  a  dynamo  having  an 
armature  of  30  cm.  diameter  and  50  cm.  length.  We  wish 
to  find  what  strength  of  current  will  be  required  in  the  straight 
wire,  W  W  (Fig.  22),  in  order  to  obtain  a  total  flow  of  1,000 
English  lines  (6  .  10°  C.G.S.  lines)  through  the  armature.  The 
magnetic  circuit  may  be  divided  into  three  parts  —  namely,  the 
field  magnets,  the  air-spaces,  and  the  armature  —  the  lengths  of 
which  we  assume  to  be  respectively  140,  2x2  =  4,  and  30  cm. 
The  length  of  each  air-space  we  take  as  2  cm.,  but  as  there  are 
two  such  spaces  we  must  double  this  figure.  Let  the  cross- 
sectional  area  of  the  field  magnets  be  800  square  centimetres, 
that  of  the  air-spaces  1,800  square  centimetres,  and  that  of 
the  armature  500  square  centimetres.  The  permeability  of 
the  armature  core  we  assume  as  1,000,  and  that  of  the  field 
magnets  as  2,000.  The  permeability  of  the  air-space  we 
take  as  unity.  Inserting  these  values  in  equation  (16),  we  find 


6  x 


14°         +___    30 


1, 800    800  X  2,000    500  X  1,000 
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if  c  is  to  be  given  in  amperes.     We  find  from  this  in  round 
numbers 

c  =  11,400  amperes. 

If  we  lay  a  long  straight  wire  through  the  limbs  of  the  field 
magnets  of  this  machine,  and  send  a  current  of  11,400  amperes 
through  this  wire,  we  shall  obtain  the  desired  total  field  of 
six  million  C.G.S.  lines.  It  would,  of  course,  be  quite 
impracticable  to  employ  such  an  enormous  current  to  excite 
the  field  magnets,,  and  to  get  over  this  difficulty  we  would 
naturally  employ,  not  a  single  conductor  carrying  the  whole 
of  the  current,  but  a  large  number  of  conductors  laid  side  by 
side,  each  carrying  a  portion  of  the  total  current.  We  might, 
further,  loop  the  ends  of  the  different  conductors  together  so 
that  the  same  current  shall  traverse  them  successively,  and 
by  making  the  loops  as  short  as  possible,  so  as  to  save 
wire  and  reduce  the  resistance  of  the  coil,  arrive  at  the  usual 
form  of  field-magnet  coils.  Instead  of  a  straight  conductor 
carrying  a  current  of  11,400  amperes,  we  would  thus  have 
a  coil  of  11,400  ampere-turns.  Now,  however,  the  question 
presents  itself  whether  such  a  coil,  wound  closely  round  the 
magnets,  is  really  equivalent  to  the  long  straight  wire  passing 
between  the  limbs.  At  first  sight  this  would  not  seem  to  be 
the  case,  because  the  equation  (5),  on  which  we  had  based 
our  calculation,  is,  strictly  speaking,  only  correct  for  a 
wire  infinitely  long,  a  condition  not  even  approximately 
fulfilled  by  a  coil  of  finite  perimeter.  Before  we  can  accept 
equation  (16)  for  the  calculation  of  dynamos,  we  must  there- 
fore verify  it  in  reference  to  the  usual  form  of  field-magnet 
coils. 

Extension  of  Theory  of  Solenoidal  Electromagnets. 

We  have  seen  that  a  solenoid  provided  with  an  iron  core 
becomes  an  electromagnet  as  soon  as  we  send  a  current 
through  the  wire  coils  of  the  solenoid.  Hitherto  we  have 
supposed  the  core  to  be  straight,  and  of  about  the  same 
length  as  the  solenoid,  but  as  in  dynamos  we  must  have  a 
closed  magnetic  circuit,  we  shall  now  suppose  the  core  bent  so 
as  to  form  a  ring  interlinked  with  the  ring  formed  by  the 
wire  coil.  This  arrangement  is  shown  in  Fig.  23,  where  W 
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represents  the  coil  of  insulated  wire  receiving  current  in  the 
direction  indicated  by  the  arrows  from  some  source,  and  R  a 
ring  which  may  be  composed  of  different  sections  of  different 
permeabilities.  One  of  these  sections  may  be  an  air-gap,  G, 
in  which  the  permeability  is  i,  and  this  corresponds  in  a 
dynamo  to  the  spaces  between  the  polar  and  armature  surfaces. 
The  problem  now  is  to  find  the  line  integral  of  magnetic  force 
due  to  the  current  in  the  coil,  W,  the  integration  being 
performed  once  round  the  magnetic  circuit,  R. 

Let,  in  Fig.  24,  W  W  be  the  section  through  one  turn  of 
wire  in  the  coil,  taken  at  right  angles  to  its  plane,  and  let  a  be 
the  radius  of  the  coil.  The  magnetic  whirl  round  the  wire 


FIG.  23. 

consists  of  lines  which  cut  the  plane  of  the  coil  at  right  angles. 
The  plane  of  the  coil  must  therefore  be  an  equipotential  surface, 
and  no  work  is  performed  in  moving  an  exploring  pole  over  the 
plane  surface  encircled  by  the  wire,  either  within  or  without. 
We  require  to  find  the  line  integral  of  magnetic  force  along  a 
loop  taken  once  round  any  part  of  the  wire.  It  can  be  shown 
that  any  path  of  whatever  shape  will  give  the  same  line 
integral,  provided  it  loops  round  the  wire.  Thus  the  work 
which  must  be  done  to  carry  the  unit  exploring  pole  once 
round  the  oblong  path,  O2  O3,  shown  in  a  dotted  line,  must  be 
exactly  the  same  as  that  required  to  carry  it  from  O,  away 
to  the  right  into  infinity,  then  round  through  an  infinitely  large 
semicircle  to  the  left,  and  back  again  to  the  starting  point. 
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To  understand  this  clearly,  we  have  only  to  follow  the  pole 
through  the  various  stages  of  its  journey.  No  work  is  done  in 
transit  from  O2  to  O,  since  both  points  lie  on  an  equipotential 
surface.  The  journey  from  O  to  infinity  absorbs  work,  whilst 
no  work  i\>  absorbed  in  any  movement  which  the  exploring 
pole  makes  at  an  infinite  distance.  Thus  the  quarter  circle 
through  which  we  must  carry  the  pole  until  it  meets  the  plane 
O  O2  O3  absorbs  no  work,  and  as  this  plane  is  itself  an  equi- 
potential surface,  we  find  that  the  magnetic  potential  at  O3  is 
exactly  the  same  as  that  at  a  point  on  the  line  O  Ox  at  an 


FIG.  24. 

infinite  distance  from  O.  To  carry  our  unit  exploring  pole 
from  O  to  infinity  to  the  right  requires,  therefore,  exactly  the 
same  amount  of  work  as  to  carry  it  from  O2  to  O3  along  the 
finite  path  shown  by  the  dotted  line  in  Fig.  24.  Similarly, 
to  carry  it  from  infinity  on  the  left  back  to  O  requires  the 
same  amount  of  work  as  is  consumed  in  the  second  part  of 
the  dotted  circuit — namely,  from  O3  to  O2.  As  the  same 
reasoning  applies  to  any  closed  circuit  looping  round  the 
wire,  we  see  that  the  line  integral  along  any  such  circuit 
is  equal  to  that  found  for  the  journey  of  unit  pole  from  an 
infinite  distance  on  the  left  through  the  circle  W  W,  and 
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out  to  an  infinite  distance  to  the  right.  This  integral  can 
easily  be  found  as  follows  :  Assume  the  pole  arrived  at  the 
point  Oi-  An  element,  /,  of  the  conductor  acts  upon  it 
with  a  force 

0-if 

w    d2 

in  the  direction  O1  Q.     The  horizontal  component  of  this  is 

P  -  if  sin  a  j 

a2 

and  as  this  equation  applies  to  every  element,  we  find  the 
total  force  due  to  the  whole  circular  conductor 


since  d  =  -2—  , 

sm  a 

we  have  also  P  =     ^     sin3  a. 

a 

The    work    done    in    a    small    displacement,  d  x,    of   the 
exploring  pole  is 

P  d  x  =  —  c  sin3  a  d  x. 
a 

Now,  x  =  a  cotg.  a  and  d  x  =  -  -  ?,  which  inserted  gives 

sin2  a 

P  d  x  =  -  2  TT  c  sin  a  d  a. 

Integrating  this  equation  between  the  limits  of  a  =  o  and 
a  =  TT,  we  find 

Line  integral  of  magnetic  force  =  4  TT  c      .     (17) 

exactly  the  same  expression  as  we  found  in  (13)  for  the 
straight  conductor  infinitely  long.  We  thus  find  that  the 
equation  (16) 

......     (16) 


* 
A  n 

is  also  applicable  to  solenoidal  electromagnets. 
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It  is  obviously  immaterial  whether  the  coil  in  Fig.  24 
consists  of  only  one  circular  wire  or  of  a  wire  making  many 
turns,  since  neither  the  diameter  nor  the  thickness  of  the  coil 
enter  into  equation  (17),  and  the  integral  has  been  taken  over 
a  line  infinitely  long.  We  may  thus  subdivide  the  whole 
current  into  a  number  of  wires  lying  either  closely  side  by 
side  or  spread  over  a. certain  length  of  coil,  and  the  result  will 
be  the  same  provided  we  take  the  magnetic  circuit  through  all 
the  turns  of  the  coil.  We  see,  therefore,  that  the  magnetic 
effect  is  independent  of  the  shape  of  the  coil.  If  the  coil 
consists  of  several  wires,  the  magnetic  effect  will,  of  course, 
be  due  to  the  product  of  the  number  of  turns  and  the  current 
passing  through  each  turn ;  it  will,  in  fact,  be  due  to  the 
ampere-turns.  Let,  now,  c  be  the  current  in  each  wire,  and 
T  the  number  of  turns  in  the  coil,  then  equation  (16)  must  be 
written  as  follows: 

F  -  4  *  CxT (18) 

A  ^ 

It  must  not  oe  forgotten  that  the  current  in  this  formula  is 
to  be  taken  in  C.G.S.  units.  If  it  is  taken  in  amperes  we  must 
divide  by  10,  and  have 


Magnetic  Resistance. 

Equation  (19)  may  conveniently  be  brought  into  another 
form.  Suppose  the  magnetic  circuit  is  composed  of  three 
sections  of  different  length,  area,  and  permeability,  which  we 
distinguish  by  the  indices  i,  2,  and  3,  then  we  can  also  write 

•4,rCT=\!LA.  +    ZA    +   Hi          .     (20) 
AI  MI         A2  V-z        A3  /x3 

The  term  on  the  left  is  the  line  integral  of  the  magnetic 
force  .taken  once  round  the  magnetic  circuit,  or  the  total 
difference  of  magnetic  potential  under  which  the  flow  of 
force,  F,  is  produced ;  the  terms  on  the  right  show  how  this 
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total  potential  difference  is  divided  between  the  different 
sections  of  the  magnetic  circuit.  They  are  of  the  character: 
flow  multiplied  by  an  expression  which  contains  the  length  of 
the  section  in  the  nominator,  and  the  product  of  area  and 
permeability  in  the  denominator. 

It  will  be  at  once  apparent  that  a  very  remarkable  analogy 
exists  between  formula  (20)  as  expressing  the  property  of  a 
magnetic  circuit  and  Ohm's  law  expressing  the  property  of  an 
electric  circuit.  To  see  this  clearly,  we  have  only  to  substitute 
for  the  flow  of  magnetic  force,  strength  of  current ;  for  the 
permeability,  the  specific  conductivity  or  the  reciprocal  of  the 
specific  resistance;  and  for  "4  TT  c  T,  the  E.M.F. 

According  to  this  analogy,  the  terms  of  the  form  

AM 

must  be  regarded  as  the  magnetic  resistances  of  those  parts 
of  the  magnetic  circuit  to  which  they  refer,  and  we  may 
translate  Ohm's  law  from  the  electric  into  the  magnetic  circuit 
as  follows :  The  magnetomotive  force  (line  integral  of  the  magnetic 
force)  is  equal  to  the  product  of  the  total  flow  of  magnetic  force 
multiplied  with  the  total  magnetic  resistance. 

The  conception  of  magnetic  resistance  is  a  very  convenient 
one,  and  helps  to  greatly  simplify  the  calculation  of  dynamo- 
electric  apparatus ;  but  on  strictly  scientific  grounds  it  is  open 
to  some  objections.  As  we  shall  in  future  make  frequent  use 
of  the  term  "  magnetic  resistance,"  it  is  desirable  to  at  once 
state  what  these  objections  are,  and  how  far  they  are  justified. 
The  principal  objections  are  that  the  overcoming  of  mag- 
netic resistance,  unlike  that  of  electric  resistance,  does  not 
necessitate  the  expenditure  of  energy,  and  that  the  magnetic 
resistance  is  not  constant,  but  varies  with  the  degree  of 
induction — that  is,  with  the  total  flow  of  magnetism.  As 
regards  the  first  objection,  this,  no  doubt,  is  justified.  If  we 
apply  an  E.M.F.  to  the  ends  of  a  conductor  in  such  way  as 
to  cause  a  current  to  flow,  the  conductor  becomes  heated,  and 
under  no  conceivable  arrangement  can  the  corresponding  loss 
of  energy  be  avoided.  With  the  magnetic  circuit  the  case  is 
quite  different.  It  is  true  that  the  exciting  coil  through  which 
we  pass  the  magnetising  current  must  have  some  resistance, 
and  to  that  extent  energy  will  be  required  to  make  the  current 
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flow  through  it,  but  we  can  reduce  this  energy  to  any  desired 
extent  by  making  the  wire  of  large  size,  without  in  any  way 
altering  the  magnetic  flow.  Moreover,  we  can  produce  such 
a  flow  without  the  use  of  any  wire  coil  at  all — if  we  chose,  as 
the  source  of  magnetism,  a  permanent  steel  magnet.  It  is 
therefore  necessary,  when  speaking  of  magnetic  resistance,  to 
always  bear  in  mind  that  it  is  not  a  resistance  in  the  ordinary 
sense  of  the  word — that  is,  one  which  can  only  be  overcome 
by  the  expenditure  of  energy — but  rather  of  the  nature  of  that 
resistance  which  bodies  offer  to  forces  tending  to  produce 
deformation. 

The  second  objection  mentioned  above  is  not  so  well 
founded,  because  the  electric  resistance  of  a  circuit  is  also 
liable  to  vary  with  the  current  passing  through  it.  The 
specific  resistance  of  all  metals  increases  with  temperature, 
and  as  the  temperature  rises  as  the  current  is  increased,  it 
follows  that  the  larger  the  current,  the  higher  will  be  the 
electric  resistance  of  those  parts  of  the  circuit  which  are  of 
metal.  'This  is  precisely  the  relation  between  flow  of  mag- 
netism and  magnetic  resistance.  The  greater  the  flow,  the 
smaller  is  the  permeability,  and  the  greater  its  reciprocal, 
which  is  a  measure  for  the  magnetic  resistance,  so  that  in  this 
respect  there  is  only  a  difference  in  degree,  but  not  one  in  kind, 
between  the  electric  and  magnetic  circuit. 

From  the  structure  of  formula  (20),  it  will  at  once  be 
apparent  that  the  total  magnetomotive  force,  acting  in  a 
given  magnetic  circuit,  is  the  sum  of  the  magnetomotive  forces 
required  in  the  different  parts  of  the  circuit,  and  that,  in  fact, 
Ohm's  law  applies  not  only  to  the  circuit  as  a  whole,  but  also 
to  every  part  of  it.  We  may  therefore  establish  the  general 
proposition  :  The  flow  of  magnetism  through  any  section  of  a 
magnetic  circuit  is  the  quotient  of  the  magnetomotive  force  in  that 
section  (difference  of  magnetic  potential  between  the  beginning  and 
the  end  of  the  section)  and  its  magnetic  resistance. 

From  this  proposition  it  follows  that  where  several  paths 
are  offered  to  the  flow  of  magnetism  under  the  same  magneto- 
motive force,  the  flow  will  divide  amongst  them  in  the  inverse 
ratio  of  their  magnetic  resistances.  Thus,  in  a  dynamo  there 
is  between  the  pole-pieces  a  multiplicity  of  paths  for  the  flow 
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of  magnetism.  One  path  is  through  the  armature,  and  the 
lines  taking  this  path  are  the  only  lines  of  use  in  the  working 
of  the  machine.  In  addition,  there  are,  however,  other  lines 
which  take  a  path  through  air  from  one  pole-piece  to  the 
other,  and  these  lines,  although,  like  the  others,  created  by 
and  passing  through  the  exciting  coils,  are  lost  to  the  purpose 
for  which  the  machine  is  constructed.  We  shall  revert  to  this 
subject  when  we  come  to  deal  with  the  leakage  or  waste  field 
of  dynamo  machines. 

For  the  practical  application  of  formula  (20),  it  is  convenient 
to  bring  it  into  a  slightly  different  form  by  dividing  both  sides 
by  *4  TT,  so  as  to  obtain  directly  the  exciting  power  in  ampere- 
turns  : 


1*256  A!  /A!       1*256  A2  yu2       1*256  A3  yu, 
or,  briefly,  c  TT  =  F  R     ......     (22) 

where  R  =  2  -^—  ~  -    .     .     .  (23) 

1-256  A  /x 

which  we  conventionally  call  the  sum  of  all  the  magnetic 
resistances.  When,  in  future,  speaking  of  magnetic  resistance, 
it  will  be  understood  that  the  term  given  in  equation  (23)  is 
meant. 

In  equation  (21)  the  flow  of  lines  is  given  in  the  C.G.S. 
system,  the  lengths  are  in  centimetres,  and  the  areas  in  square 
centimetres.  For  the  use  in  the  workshop  it  is,  however, 
convenient  to  give  dimensions  in  inches,  and  to  employ  the 
English  unit  for  the  flow  of  magnetism.  Let  Z  be  the  flow  in 
English  measure,  and  /  be  given  in  inches  and  A  in  square 
inches,  then  a  simple  arithmetical  operation  shows  that 
formula  (21)  becomes 


cr  = 


Z  (x,88oi  1  +  i,88ol2  --  +  1,880^  l)  .    (24) 

In  the  English  system  of  measurement  the  magnetic  resist- 
ance is  therefore  given  by  the  expression 


R  =  2  1,880  1    L    .....     (25) 
A  u 
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When  the  permeability  is  i,  as  in  the  interpolar  space  of  a 
dynamo  or  motor,  this  formula  becomes 

Ra  =  1,880  -  (26) 

A 

where  we  use  the  suffix  a  to  show  that  the  resistance  refers  to 
air,  and  not  to  iron.  The  coefficient  1,880  is  only  valid  if  the 
permeability  of  the  copper,  which  partly  fills  the  interpolar 
space,  is  equal  to  that  of  air,  which  is  unity.  Commercial 
copper  is  sometimes  slightly  magnetic,  and  then  a  somewhat 
smaller  coefficient  must  be  used.  It  should  also  be  noted  that 
the  area  A  is  not  only  the  area  of  the  pole-piece,  but  this 
area  with  an  addition  of  a  certain  fringe  due  to  the  spreading 
of  the  lines  near  the  edges  of  the  pole-piece,  a  subject  to  which 
we  shall  return  in  a  later  chapter. 
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CHAPTER   VI. 

Magnetic    Properties    of    Iron— Experimental    Determination 

of    Permeability — Hopkinson's    Method  — Energy    of 

Magnetisation—  Hysteresis. 

Magnetic  Properties  of  Iron. 

According  to  the  definition  given  on  page  66,  magnetic 
permeability  is  a  numerical  coefficient  denoting  the  ratio  in 
which  the  presence  of  iron  multiplies  the  number  of  lines  of 
force  previously  existing  in  a  magnetic  field.  This  multiplying 
power  is  different  with  different  samples  of  iron,  and  it  also 
varies  for  the  same  sample  with  the  strength  of  the  original 
field,  or,  what  comes  to  the  same  thing,  with  the  magnetising 
force,  and  therefore  also  with  the  induction  produced.  It 
is  customary  to  state  the  permeability  as  a  function  of  the 
induction,  or  of  the  magnetising  force,  and  thus  the  magnetic 
quality  of  any  sample  of  iron  can  be  expressed  in  the  shape  of 
a  table  or  a  curve.  These  curves  may  be  constructed  to 
represent  the  following  relations :  Magnetising  force  and 
permeability.  Induction  and  permeability,  or  magnetising 
force  and  induction.  The  latter  is  the  most  directly  obtainable 
and  useful  curve. 

If  the  magnetising  force  be  removed,  the  iron  does  not  return 
to  its  original  state — that  is,  to  the  state  in  which  it  was  before 
any  magnetising  force  had  been  applied ;  but  it  retains  a 
certain  amount  of  magnetisation  called  the  "  residual  magnet- 
isation," and  which  may  be  numerically  expressed  by  the 
corresponding  induction.  To  each  -  magnetising  force  and 
consequent  induction  corresponds,  therefore,  a  definite  residual 
induction,  which  can  also  be  represented  by  a  curve.  If  the 
magnetising  forces  be  plotted  as  abscissae  and  the  inductions 
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as  ordinates,  the  curve  of  residual  induction  is  found  to  have  a 
similar  shape  with  the  curve  of  induction,  but  to  lie  wholly 
below  it.  It  may  here  be  mentioned  that  if  the  sample, 
whilst  being  tested  for  its  magnetic  properties,  is  subjected  to 
mechanical  vibrations  or  strains,  the  curve  of  induction  is 
slightly  raised  and  the  curve  of  residual  induction  is  con- 
siderably lowered. 

Another  point  which  should  be  noted  is  the  difference 
between  an  ascending  and  a  descending  curve  of  magnetisa- 
tion. If  we  first  test  a  sample  by  applying  gradually  higher 
and  higher  magnetising  forces,  taking  care  to  determine  the 
induction  at  each  step,  and  plot  the  results,  we  obtain  an 
ascending  curve  of  magnetisation.  As  the  induction  becomes 
larger  its  increment  for  equal  increments  of  magnetising  force 
becomes  smaller  and  smaller,  the  curve  becoming  more  and 
more  flat,  until  a  point  is  reached  when  no  increase  of  mag- 
netising force  produces  any  increase  in  the  induction.  When 
an  this  condition  the  iron  is  said  to  have  attained  a  point  of 
saturation,  its  permeability  being  reduced  to  zero.  In  what 
follows  we  assume  that  the  magnetisation  has  not  been  carried 
•so  far,  but  only  to  a  certain  point.  If  we  now  gradually 
reduce  the  magnetising  force,  and  again  plot  the  induction  at 
•each  step,  we  obtain  a  descending  curve  of  magnetisation, 
which  lies  wholly  outside  of  the  former  curve,  and  passes 
through  the  axis  of  ordinates  (corresponding  to  zero  magnetis- 
ing force)  at  a  point  above  the  centre  of  co-ordinates.  The 
distance  of  this  point  of  intersection  from  the  centre  of 
•co-ordinates  represents  the  induction  which  is  still  left  in  the 
sample  after  the  magnetising  force  has  been  gradually  reduced 
to  zero,  and  this  induction  is  called  the  "  retentiveness  "  of  the 
sample.  Now,  suppose  that  when  the  magnetising  force  has 
been  gradually  brought  down  to  zero,  we  reverse  it  so  as  t£ 
demagnetise  the  sample  beyond  its  point  of  retentiveness,  and 
gradually  increase  the  magnetising  force,  which  is  now  acting 
in  a  negative  direction,  until  the  previous  induction,  but  in  the 
reverse  sense,  is  reached,  we  obtain  the  ascending  negative 
branch  of  the  curve  of  magnetisation.  Decreasing  now  the 
negative  or  reverse  magnetising  force  to  zero,  and  reversing 
,it  a  second  time  so  as  to  make  it  positive,  and  gradually 

6* 
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increasing  it  to  the  previous  value,  will  give  us,  first,  the 
descending  negative,  and,  finally,  the  ascending  positive 
branch  of  the  curve  of  magnetisation,  which  brings  us  again  to 
the  point  from  which  the  descending  curve  of  magnetisation 
starts.  We  have  thus  carried  the  iron  through  a  complete 
cycle  of  magnetisation  from  a  certain  positive  induction, 
through  zero  to  an  equal  negative  induction,  and  back  through 
zero  to  the  starting  point.  The  closed  curve  representing  this 
cycle  cuts  the  axis  of  co-ordinates  in  four  points — namely,  the 
axis  of  ordinates  above  and  below  the  centre  in  points  which 
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give  the  retentiveness  of  the  sample,  and  the  axis  of  abscissae- 
in  points  to  the  right  and  left  of  the  centre,  which  show  what 
amount  of  reversed  magnetising  force  is  required  to  reduce  the 
induction  of  the  sample  to  zero.  Dr.  Hopkinson,  in  his  cele- 
brated paper  on  the  "  Magnetisation  of  Iron,"  read  before  the 
Royal  Society  in  1885,  suggested  that  this  reverse  magnetising 
force  should  be  called  the  "  coercive  force  "  of  the  sampler 
if  the  curves  have  been  obtained  by  extreme  magnetising  forces 
in  both  directions. 

It  will  be  convenient   to  illustrate  the  various  terms  here 
introduced    by  a  diagram.     Let,   in   Fig.  25,  the   curve  O  C 
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represent  the  magnetising  curve  of  a  certain  sample  of  iron 
which  has  not  previously  been  subjected  to  any  magnetising 
force.  Arrived  at  C,  we  gradually  reduce  the  magnetising 
force  to  zero,  and  obtain  the  portion,  C  B,  of  the  positive 
descending  curve  of  magnetisation.  We  next  reverse  the 
magnetising  force  until  it  has  reached  the  negative  value,  O  A, 
when  the  remainder,  B  A,  of  the  positive  descending  curve  of 
magnetisation  is  obtained.  By  still  further  increasing  the 
negative  magnetising  force  we  obtain  the  negative  ascending 
curve  of  magnetisation,  A  C1,  and  by  gradually  reducing  the 
magnetising  force  to  zero  and  inceasing  it  to  O  A1,  we  can 
plot  the  negative  descending  curve  of  magnetisation,  C1  A1. 
A  further  increase  of  magnetising  force  gives  us,  finally,  the 
.ascending  curve  of  magnetisation,  A1  C.  The  diagram  gives 
us  now 

O  B  =  O  B1  =  Retentiveness. 

O  A   =  O  A1  =  Coercive  force. 

It  is  especially  the  latter  quantity  which  plays  an  important 
part  in  dynamo  machines  and  similar  apparatus,  since  upon 
the  coercive  force  depends  to  a  certain  degree  the  energy 
which  is  transformed  into  heat  when  the  iron  undergoes  a 
cyclic  change  of  magnetisation,  a  point  to  which  we  shall 
return  later  on. 

Experimental   Determination  of  Permeability. 

In  the  above  description  of  the  magnetic  behaviour  of  a 
sample  of  iron,  we  have  assumed  that  the  magnetising  force 
and  corresponding  induction  are  known  at  every  instant,  and 
it  will  therefore  now  be  necessary  to  show  how  this  knowledge 
is  obtained,  or,  in  other  words,  how  the  relations  between 
magnetic  force,  induction,  and  permeability  can  be  experi- 
mentally determined.  Various  methods  have  been  used  for 
this  purpose.  In  some  of  the  earlier  methods  the  sample  was 
in  the  form  of  a  short  rod  or  piece  of  straight  wire  inserted 
into  a  solenoid  and  there  magnetised.  A  magnetometer  was 
used  to  determine  the  magnetic  moment  of  the  sample  corre- 
sponding to  each  magnetising  current,  the  precaution  having 
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been  used  to  either  separately  determine  and  allow  for  the 
action  of  the  solenoid  itself  on  the  magnetometer  or  to  com- 
pensate for  it  by  the  use  of  certain  compensating  coils  so 
arranged  as  to  produce  an  exactly  equal  but  opposite  magnetic 
effect.  The  deflection  of  the  magnetometer  could  then  be 
used  to  calculate  the  magnetic  moment,  intensity  of  mag- 
netisation,  and  induction  of  the  sample.  This  method  has 
been  used  with  good  effect  by  Prof.  J.  A.  Ewing,  who  described 
it,  as  well  as  other  methods,  in  his  paper,  ''Experimental 
Researches  in  Magnetism,"  presented  to  the  Royal  Society 
in  1885.  Ewing  points  out  that  the  method  is  only  reliable, 
especially  as  regards  the  determination  of  retentiveness,  if  the 
sample  be  very  long  in  comparison  with  its  diameter.  Where 
this  is  not  the  case,  the  free  magnetism  at  the  ends  exercises  a 
self-demagnetising  force  upon  the  interior  and  middle  parts  of 
the  bar  or  wire,  so  that  the  induction  determined  for  short 
bars  is  lower  than  that  determined  for  long  bars.  The  same 
difficulty  accompanies,  of  course,  all  methods  in  which  the 
sample  experimented  on  is  in  the  form  of  a  short  bar  with  free 
ends ;  and  with  a  view  to  eliminate  the  error  likely  to  arise 
from  the  action  of  the  ends,  which  cannot  be  exactly  esti- 
mated, Stoletow  and  Rowland  used  samples  formed  into 
closed  rings,  and  the  latter  also  straight  bars  of  very  great 
length.  Ewing  found  that  if  the  length  of  the  bar  is  over  300 
diameters,  the  demagnetising  effect  of  the  free  ends  becomes 
negligible. 

With  samples  of  the  closed  -  ring  form  the  use  of  any 
magnetometer  method  is,  however,  excluded,  since  there  is, 
or,  at  least,  should  not  be  any  free  magnetism  to  affect  the 
magnetometer.  Another  method  of  measuring  the  induction 
must  therefore  be  adopted.  The  most  generally  used  is  the 
ballistic  method,  which  is  based  upon  the  fact  that  any  change 
in  the  total  flow  of  lines  within  the  sample  produces  an 
E.M.F.  in  a  coil  of  wire  surrounding  the  sample.  This 
so-called  "  exploring  coil  "  is  connected  with  a  ballistic 
galvanometer,  the  deflection  of  which  indicates  the  integral 
of  E.M.F.  multiplied  by  time ;  and  since  this  integral  is 
proportional  to  the  variation  in  the  total  number  of  lines  of 
force  passing  through  the  coil,  the  deflection  of  the  ballistic 
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galvanometer   is   also   proportional    to   the   variation    in   the 
induction  of  the  sample  of  iron  under  experiment. 

A  consideration  in  detail  of  the  apparatus  required  in  these 
experiments,  and  of  the  corrections  to  be  made  and  pre- 
cautions to  be  observed,  would  be  beyond  the  scope  of  this 
book.  Suffice  it  to  say  that  from  the  resistance  of  exploring 
coil  and  ballistic  galvanometer,  the  period  and  logarithmic 
decrement  of  the  latter  and  other  electrical  data,  the  change 
of  induction  corresponding  to  any  observed  deflection  can  be 
calculated.  The  constant  of  the  ballistic  galvanometer  can 
also  be  found  experimentally  by  the  use  of  what  Ewing  terms 
an  ''earth  coil."  This  is  a  flat  coil  of  known  area  and  number 
of  turns  connected  with  the  ballistic  galvanometer.  The  earth 
coil  is  laid  upon  a  horizontal  table  and  then  suddenly  turned 
over.  During  this  movement  the  vertical  component  of  the 
earth's  lines  of  force  are,  so  to  speak,  first  withdrawn  (when 
the  earth  coil  gets  into  a  vertical  position)  and  then  reinserted 
in  the  opposite  direction,  when  this  coil  again  becomes 
horizontal.  We  have  thus  a  change  in  the  total  flow  of  lines 
amounting  to  twice  the  number  of  vertical  lines  of  force 
passing  through  the  coil  when  it  is  horizontal.  This  number 
can  be  calculated  from  the  dimensions  of  the  earth  coil  and 
the  intensity  of  the  vertical  component  of  the  earth's  mag- 
netism, which  latter  can  be  determined  by  a  magnetometer, 
as  explained  in  Chapter  III.,  page  37.  Another  method  of 
calibrating  the  ballistic  galvanometer  consists  in  employing 
a  condenser  of  known  capacity,  the  condenser  being  charged 
with  a  given  difference  of  potential  and  then  discharged 
through  the  galvanometer.  Having  thus  experimentally 
determined  the  relation  between  a  given  change  in  the  flow 
of  force  and  the  corresponding  deflection  of  the  ballistic 
galvanometer,  this  relation  is  used  to  determine  the  change 
in  the  flow  of  force  corresponding  to  other  observed 

deflections. 

Curves  of  Magnetisation. 

When  we  have  determined  a  sufficient  number  of  values  of 
the  magnetising  force,  H,  and  the  induction,  ^,  we  may  then 
plot  a  curve.  As  a  rule,  the  values  of  H  are  inserted  as 
abscissae,  and  those  of  $  as  ordinates,  the  curve  so  obtained 
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being  the  curve  of  magnetisation  mentioned  on  page  84.  In 
the  same  way  we  may  represent  graphically  in  a  permeability 
curve  the  ratio  between  H  and  IS. 


Dr.  Hopkinson  in  the  paper  already  mentioned — vi^., 
"  Magnetisation  of  Iron  " — gave  the  result  of  experiments 
upon  a  great  variety  of  samples  of  iron.  The  most  important 
are,  of  course,  annealed  wrought  iron  and  grey  cast  iron,  because 
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these  materials  are  used  in  dynamo  machines.  The  curves 
in  Figs.  26  and  27  give  average  values  compiled  from 
Dr.  Hopkinson's  tables  and  diagrams.  It  should  be  noted 
that  each  brand  of  iron,  although  it  may  be  generally  classified 


as  annealed  wrought  iron  or  grey  cast  iron,  may,  and  generally 
does,  show  curves  differing  somewhat  from  the  curves  here 
given,  and  the  latter  must  therefore  be  regarded  merely  as 
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convenient  approximations.  It  should  also  be  noted  that  no 
distinction  is  made  between  the  ascending  and  descending 
curves  of  magnetisation,  for  the  simple  reason  that  with 
dynamo  machines,  for  the  calculation  of  which  these  curves 
are  primarily  intended,  we  reach  a  certain  induction  as  often 
with  an  increasing  as  with  a  decreasing  magnetising  force,  and 
that  therefore  the  mean  between  the  two  curves  will  give 
on  the  whole  the  most  accurate  results.  The  mechanical 
vibrations  to  which  a  dynamo  is  subjected  when  working, 
also  tends  to  diminish  the  interval  between  the  ascending 


and  descending  curve  of  magnetisation.  On  each  diagram 
two  curves  of  induction  are  shown,  the  ratio  of  abscissae  of 
these  being  as  i  :  10.  This  has  been  done  in  order  to  render 
the  early  part  of  the  curves  better  visible.  The  abscissae  for 
the  lower  curve  are  figured  below,  and  those  for  the  higher 
curve  are  figured  above.  The  curve  sloping  to  the  right  on 
each  diagram  represents  by  its  abscissas  the  permeability,  the 
ordinates  being  induction.  The  permeability  is  a  simple 
numeric  given  in  the  diagram  for  cast  iron  by  the  tenfold 
value  of  the  lower  or  the  simple  value  of  the  upper  figures 
on  the  axis  of  the  abscissae.  In  the  diagram  for  wrought  iron 
the  permeability  is  given  by  the  hundredfold  value  of  the  lower 
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or  tenfold  value  of  the  upper  figures.  From  the  curves  shown  in 
Figs.  26  and  27  it  is  at  once  apparent  how  very  inferior  are  the 
magnetic  qualities  of  ordinary  cast  iron  compared  with  those 
of  wrought  iron.  But  the  endeavours  of  manufacturers  to 
improve  the  magnetic  qualities  of  iron  castings  have  latterly 
been  crowned  with  considerable  success.  The  different  brands 
of  cast  steel  and  homogeneous  castings,  which  are  now  pro- 
duced expressly  for  the  construction  of  dynamo  machines,  are 
scarcely  inferior  to  the  best  Swedish  wrought  iron  as  regards 
their  magnetic  qualities.  This  is  illustrated  by  Fig.  28,  in 
which  the  curves  of  magnetisation  and  permeability  are  given 
for  a  sample  of  shaped  steel  casting.  The  scales  for  the 
different  values  are  arranged  as  in  Fig.  27.  The  use  of  these 
curves  in  the  designing  and  testing  of  dynamo  machines  will 
be  explained  in  a  subsequent  chapter. 

Energy  of  Magnetisation. 

It  was  pointed  out  in  Chapter  V.  that  no  energy  is  required 
to  maintain  a  magnetic  field  when  once  it  is  established.  We 
have  compared  the  flow  of  magnetic  lines  of  force  to  the 
stream-lines  of  a  liquid  in  motion,  and  here  also  there  is,  apart 
from  friction,  no  energy  required  to  keep  the  liquid  in  motion. 
Energy  is,  however,  required  to  set  the  liquid  in  motion,  and 
this  energy  is  stored  in  the  liquid,  and  can  be  recovered  by 
arresting  again  its  motion.  If  our  analogy  between  a  liquid 
in  motion  and  a  magnetic  field  is"  generally  correct,  we  should 
expect  to  find  that  a  magnetic  field  can  only  be  established  by 
the  expenditure  of  a  definite  amount  of  mechanical  energy 
which  remains,  so  to  speak,  stored  in  the  field,  and  can  be 
recovered  by  allowing  the  field  to  vanish  again.  This  is  indeed 
the  case,  as  can  easily  be  shown.  It  has  been  explained  in 
Chapter  V.that  the  line  integral  of  magnetic  force,  or  difference 
of  magnetic  potential  between  two  points  of  a  magnetic  field, 
is  the  energy  which  must  be  expended  or  can  be  obtained  by 
moving  unit  pole  from  one  to  the  other  of  these  points.  If 
these  two  points  are  i  cm.  apart,  the  difference  of  magnetic 
potential  between  them  is  H,  the  magnetic  force.  Imagine 
now  a  space  of  i  cubic  centimetre,  delineated  in  the  field  in 
such  a  position  that  the  lines  of  force  pass  at  right  angles- 
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through  two  opposite  sides  of  the  cube,  and  let  the 
induction  be  uniform  over  their  surfaces,  its  value  in  absolute 
measure  being  denoted  by  "JS.  The  value  of  ^  will,  of  course, 
depend  upon  the  permeability  of  the  substance  which  fills 
our  cube.  If  the  substance  be  air  or  another  non-magnetic 
material,  the  induction  will  be  H  ;  if  it  be  iron  of  permeability  /u, 
it  will  be  $  =  /JL  H.  Whatever  the  material  occupying  the 
field,  there  will  be  a  definite  induction  for  each  magnetising 
force.  Now  assume  that  we  increase  the  magnetising  force  by 
an  infinitesimal  amount.  The  induction  will  in  this  case  also 
increase  by  an  infinitesimal  amount  d  |i.  Previous  to  the 
change  the  amount  of  magnetic  matter  in  the  end  faces  of  our 

<SJ  y>  J     » 

cube  was  -^-.     After  the  change  it  will  be  -2-  +  —£;  that    is 

4    7T  4    7T         47T 

to  say,  — —   units  of   magnetic  matter  have  been   transferred 

47T 

from  one  end  face  of  the  cube  to  the  other  under  a  magnetic 
force  which  varied  during  the  process  from  H  to  H  +  d  H.  We 
may  neglect  the  term  d  H  as  infinitely  small,  and  compute  the 

j  *StJ 

energy  represented  by  the  transfer  as  H    -—  .      We    may  now 

47T 

imagine  the  magnetic  force  again  increased  by  an  infinitely 
small  step,  and  the  process  repeated  an  infinite  number  of 
times  until  a  finite  increase  of  magnetic  force  and  induction 
has  been  obtained.  The  total  energy  will  obviously  be  the 
integral  of  the  above  expression  taken  between  the  limits  of 
induction  produced,  or  in  symbols 

.13.,  .    -,, 

Ergs=/    'Hi*-, 

'      J?i  4    "* 

if  by  18,  and  $2  we  denote  the  limits  between  which  the 
induction  has  been  altered.  The  total  energy  of  i  cubic  centi- 
metre of  the  magnetised  substance  raised  to  the  induction  J& 
is  obtained  by  adopting  zero  as  one  and  18  as  the  other  limit, 
or  in  svmbols 


/  7     ^LF 

H   — 
"  4    7T 


(27) 
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The  application  of  this  formula  to  the  magnetisation  of  iron 
will  be  clear  from  Fig.  29.  The  curve  shown  represents  the 
relation  between  magnetic  force  and  induction.  Let  Al  A2 
represent  two  conditions  of  the  magnetisation  sufficiently  near 
each  other  to  be  attributed  without  any  great  error  to  the 
same  magnetic  force  H,  and  let  1^  $2  represent  the  corre- 
sponding values  of  the  induction.  The  increment  of  magnetic 
matter  transferred  under  the  magnetic  force,  H,  is  graphically 
represented  by  the  length  of  the  line  i^  |S2,  divided  by  4  TT, 
and  the  corresponding  energy  by  the  area  Al  A2,  1^  $2,: 
divided  by  4  TT. 

The  total  energy  in  ergs  represented  by  the  magnetisation 
of  i  cubic  centimetre  of  iron  from  the  induction  zero  to  the 


FIG.  29. 


induction  $,  is  therefore  given  by  the  area  contained  between 
the  axis  of  ordinates  and  the  curve  of  magnetisation  divided 
by  4  TT. 

This  is  the  shaded  area,  A  O  'p,  in  the  diagram.  It  will 
thus  be  seen  that  if  the  curve  of  magnetisation  of  any  par- 
ticular brand  of  iron  is  known,  the  energy  which  can  be 
magnetically  stored  in  a  given  volume,  or  weight  of  this  iron 
at  different  inductions,  can  readily  be  calculated. 

Hysteresis. 

The  theory  of  energy  of  magnetisation  which  has  been  here 
given,  is  of  practical  importance  in  two  respects.  One  is  the 
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•construction  of  choking  coils  for  use  with  alternating  currents, 
and  the  other  alternating-current  apparatus  generally.  A 
choking  coil  consists  of  an  iron  core  surrounded  by  a  solenoid 
which  is  inserted  into  an  alternate-current  circuit.  During 
the  growth  of  the  current  from  zero  to  its  maximum  value, 
a  certain  amount  of  energy  is  magnetically  stored  in  the  iron 
core,  and  thus  prevented  from  reaching  the  lamp  or  other 
apparatus  upon  which  the  current  operates.  During  the 
period  of  decline  of  current,  the  energy  is  again  given  off, 
and  opposes  to  a  certain  extent  the  reversal  of  current,  and 
thus  the  choking  coil  acts  as  a  kind  of  elastic  buffer  between 
the  source  of  current  and  the  lamp,  reducing  the  effective 
E.M.F.  at  the  terminals  of  the  latter.  It  is  not  necessary  to 
enter  in  this  place  more  minutely  into  the  theory  and  con- 
struction of  choking  coils,  and  we  have  only  mentioned  these 
appliances  to  show  that  the  seemingly  abstruse  calculations 
concerning  the  energy  of  a  magnetic  field  are  by  no  means 
without  practical  value  in  electrical  engineering. 

The  other  application  mentioned  at  the  beginning  of  this 
paragraph  is  even  of  more  importance.  It  concerns  alternate- 
•current  apparatus  generally,  and  is  known  under  the  name  of 
"  hysteresis,"  given  to  it  by  Prof.  Ewing,  who  has  made  a 
special  study  of  the  subject.  The  name  implies  a  lagging 
behind,  and  refers  more  particularly  to  the  lag  of  induction 
behind  magnetic  force,  as  shown  by  the  difference  between  the 
ascending  and  descending  curves  of  magnetisation  (Fig.  25). 

Starting  with  a  magnetic  force  of  zero,  and  increasing  it  to 
its  maximum  positive  value,  we  obtain  the  curve  B1  A1  C. 
When  the  point  C  has  been  reached,  each  cubic  centimetre 
of  iron  has  absorbed  an  amount  of  energy,  which  is  given  in 
ergs,  by  the  area  enclosed  between  the  curve  B1  A1  C  and  B1  c 
on  the  axis  of  ordinates  divided  by  4  TT.  If  we  now  decrease 
the  magnetic  force  again  to  zero,  we  ought  to  recover  the 
whole  of  the  energy  previously  absorbed  if  the  iron  acted  as 
a  perfect  storing  appliance.  This,  however,  is  not  the  case. 
We  only  obtain  the  energy  corresponding  to  the  area  com- 
prised between  B  C  and  c  B.  The  difference — namely,  the 
•energy  represented  by  the  area  of  the  figure  B1  A1  C  BO  B1 — 
has  been  lost,  or,  rather,  transformed  into  heat,  which  is 
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dissipated.  The  same  reasoning  applies  to  negative  magnetic 
forces,  with  the  result  that  if  we  carry  the  iron  once  through 
a  complete  magnetic  cycle  we  waste  an  amount  of  energy, 
which  is  given  in  ergs,  by  the  area  of  the  distorted  lozenge- 
shaped  figure,  C  B  A  C1  B1  A1  C,  divided  by  4  TT.  The  energy 
thus  lost  in  hysteresis  not  only  reduces  the  efficiency  of 
alternate-current  apparatus,  but  it  causes  a  development  of 
heat  which  may,  under  certain  circumstances,  become  very 
inconvenient.  The  softer  the  iron  employed,  the  smaller  is 
the  distance  between  the  ascending  and  descending  curve 
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of  magnetisation,  and  the  smaller,  therefore,  is  also  the  loss 
by  hysteresis.  Hence,  the  iron  used  in  alternate-current 
apparatus  should  be  as  soft  as  possible  and  well  annealed. 

If  no  complete  curve  of  magnetisation  of  a  certain  brand 
of  iron  is  available,  but  its  coercive  force,  O  A,  is  known,  the 
hysteresis  loss  can  approximately  be  determined  from  this 
property.  An  inspection  of  the  diagram  (Fig.  25)  will  show 
that  the  length  of  horizontal  lines,  taken  at  various  heights 
between  the  two  curves,  is  approximately  constant,  and  the 
area  of  the  whole  distorted  lozenge  figure  is  approximately 
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equal  to  that  of  a  rectangle  with  a  base  A  A1  and  a  height 
equal  to  twice  the  induction.     In  other  words,  the  area  is  four 


>u 


«*, 


1 


-fofo  -H^ 


± 


^ 


times  the  product  of  coercive  force  and  induction  and  the  loss 
by  hysteresis  ;  therefore 

Ergs  lost  in  hysteresis  =  coercive  force  x  ind^ctio.^ 
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The  loss  in  unit  time  caused  by  hysteresis  is,  of  course, 
proportional  to  the  number  of  complete  magnetic  cycles  per- 
formed in  unit  time.  Taking  the  second  as  the  unit  of  time, 
and  assuming  that  the  iron  is  carried  through  100  complete 
cycles  per  second,  we  can  express  the  loss  of  power  in  watts 
per  cubic  centimetre  of  iron,  as  has  been  done  in  the  diagrams 
{Figs.  30  and  31).  In  these  diagrams,  which  have  been 
prepared  from  Prof.  Ewing's  results  with  annealed  wrought 
iron,  the  curve  Fig.  30  represents  on  the  left  the  hysteresis 
loss  in  ergs  per  cycle  per  cubic  centimetre  of  iron,  and  on  the 
right  the  hysteresis  loss  in  watts  with  100  cycles  per  second  per 
•cubic  centimetre  of  iron  for  different  degrees  of  induction.  With 
another  number  of  cycles  than  100  the  loss  is  proportionately 
altered.  For  convenience  of  practical  work  the  two  curves 
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<Fig.  31)  have  been  added,  giving  the  hysteresis  loss  with  100 
-cycles  per  second  in  watts  and  English  horse-powers  per  cubic 
inch  and  ton  of  iron  respectively.  A  scale  showing  induction 
in  English  measure  has  also  been  added  to  Fig.  30. 

This  is  shown  by  the  curves  on  Fig.  3iA,  which  gives  the. 
watts  loss  per  kilogramme  at  100  periods  per  second.  The 
curves  in  this  illustration  have  been  drawn  from  experiments 
made  by  the  author  on  transformer  cores.  The  lower  curve 
•corresponds  to  a  very  good  class  of  iron,  while  the  higher 
•curve  is  for  a  medium  quality.  The  dotted  curve  gives  the 
permeability  corresponding  to  various  inductions.  For  other 
frequencies  the  values  given  in  the  curves  for  the  power  lost 

7 


98  DYNAMOS,    ALTERNATORS, 

have  to  be  modified  in  direct  proportion  to  the«jnumber  of 
complete  reversals  per  second.  For  higher  values  of  induction 
than  B  =  7,000,  the  hysteresis  loss  can  be  calculated  from  the 
fact  that  this  loss  is  proportional  to  the  r6  power  of  the 
induction. 
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CHAPTER  VII. 

Induced    E.M.F — Cutting   or    Threading  of    Lines — Value   of 

Induced      E.M.F.— C.Q.S.     Unit     of     Resistance -Fleming's 

Rule— E.M.F.  of  Two- Pole  Armature. 

Induced  E.M.F. 

In  the  preceding  chapters  it  was  shown  how  an  electric 
current  produces  a  magnetic  field  in  the  space  surrounding  the 
conductor  through  which  it  flows,  how  a  piece  of  soft  iron 
when  placed  in  the  field  so  produced  becomes  magnetic, 
and  how  currents  and  magnets  act  upon  each  other  with 
measurable  mechanical  forces;  we  have  thus  seen  that  a- 
current  always  produces  magnetism,  and  the  question  which 
now  presents  itself  is  whether  the  converse  is  also  true — in  other 
words,  whether  a  magnet  can  produce  a  current.  Experiment 
shows  that  this  is  only  the  case  under  certain  conditions.  If 
we  wind  a  conductor  over  a  magnet  and  leave  the  system  at 
rest,  the  most  delicate  galvanometer  connected  to  the  free  ends 
of  the  conductor  fails  to  show  a  current.  If,  however,  we 
displace  the  conductor  in  relation  to  the  magnet,  we  at  once 
obtain  a  current.  We  thus  see  that  although  no  motion  is 
required  to  produce  magnetism  by  a  current,  in  the  converse 
process  relative  motion  between  the  magnet  and  the  con- 
ductor is  essential  to  produce  a  current  in  the  latter.  That 
this  is  the  case  can  easily  be  shown  by  an  experiment.  Let, 
in  Fig.  32,  C  be  a  conductor  wound  in  the  form  of  a  reel  or 
coil,  and  placed  over  the  straight  bar  magnet,  N  S.  The  free 
ends  of  the  conductor  are  connected  with  a  galvanometer,  G, 
and  we  assume  the  connecting  wires  to  be  of  sufficient  length 
to  prevent  the  galvanometer  being  disturbed  by  the  magnet. 
In  the  position  shown,  when  the  reel  is  near  the  middle  of  the 
bar,  the  whole  flow  of  the  magnetic  force  passes  through,  but 
as  long  as  the  reel  remains  in  that  position  the  galvanometer 
shows  no  deflection.  If  we  now  slide  the  reel  off  the  magnet, 

7* 
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the  galvanometer  shows  a  deflection  which,  generally  speaking, 
will  be  the  greater  the  quicker  the  motion.  We  also  find 
that  the  sense  of  the  deflection  is  different  according  to  the 
direction  in  which  we  slide  off  the  reel,  so  that  if  by  sliding 
the  reel  off  over  the  north  pole  we  get  a  deflection  in  one 
sense,  by  sliding  it  off  over  the  south  pole  we  get  a  deflection 
in  the  opposite  sense.  By  sliding  the  reel  on  again,  we  also 
get  deflections  the  sense  of  which  is  in  every  case  opposite 
to  that  produced  by  sliding  off.  Since  the  same  effects  can 
be  produced  by  holding  the  reel  in  place  and  moving  the 
magnet,  we  gather  from  the  experiments  the  broad  fact  that 
a  current  is  produced  by  the  relative  movement  between  the 
magnet  and  the  conductor.  Now,  in  order  to  produce  a 
current  in  any  conductor  there  must  be  acting  in  it  an  E.M.'F., 


FIG.  32. 
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and  we  thus  come  to  the  conclusion  that  an  E.M.F.  is  pro- 
duced by  the  relative  movement  between  the  magnet  and 
conductor.  In  the  position  shown  in  Fig.  32  'tne  number 
of  lines  of  force  passing  through  the  reel  is  a  maximum, 
whilst  after  it  has  been  drawn  off  the  bar  this  "hunger  is  a 
minimum;  and  we  therefore  attribute  the  E.M.F.  to,  the 
variation  in  the  number  of  lines  of  force  which  pa^s  through 
the  reel,  or  generally  through  the  circuit,  for  the  experiment 
succeeds  also  if  made  in  the  manner  represented  by  Fig.  33. 
It  has  already  been  pointed  out  'that  the  deflection  of  the 
galvanometer  is  the  greater  the  quicker  we  move  tK6  con- 
ductor, and  we  conclude  from  this  that  not 'tKe/ variation 
in  the'  number  of  lines  as  such,  but  the  rate  at.  which'  ^his 
variation  takes  place  determines  the  E.M.F.  In.otHer'wbrds, 
fhaV  the  E.M.F.  is"  prbportiorial  to  the  positive  o'r  negative 
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increment  per  unit  time  in  the  number  of  lines  of  force  which 
pass  through  the  circuit.  The  growth  or  diminution  of  lines 
of  force  induces  an  E.M.F.  in  the  circuit  through  which  these 
lines  pass.  This  is  a  broad  experimental  fact  which  can  be 
proved  in  a  variety  of  ways,  but  for  which  we  have  no 
explanation.  Two  ways  of  proving  it  are  shown  in  Figs.  32 
and  33.  In  both  cases,  and,  in  fact,  in  all  cases  where 
induction  occurs,  the  magnetic  and  electric  circuits  are  inter- 
linked— that  is  to  say,  the  magnetic  lines  of  force  are  threaded 
through  the  electric  circuit. 

Cutting  or  Threading  of  Lines. 

It  will  be  seen  that  both  in  Fig.  32  and  Fig.  33  the  field 
itself  undergoes  no  change,  though  the  number  of  lines 
passing  through  the  electric  circuit  vary.  In  these  cases  the 
"threading"  of  lines  is  necessarily  accompanied  by  "cutting" 


FIG.  33. 

of  lines,  and  it  will  be  equally  correct  if  we  attribute  the 
generation  of  an  E.M.F.  in  a  conductor  to  the  cutting  of  lines 
of  force  by  the  conductor.  This  view,  although  it  does  not 
bring  us  any  nearer  to  an  explanation  of  the  process  under 
which  the  generation  of  E.M.F.  actually  takes  place,  has  the 
advantage  of  greater  directness,  since  the  conductor  comes 
actually  in  contact  with  the  agent  producing  the  electrical 
effect.  It  has,  moreover,  the  other  advantage  of  lending  itself 
better  than  the  other  view  to  mathematical  treatment.  On  the 
other  hand,  there  are  cases  where  an  E.M.F.  is  undoubtedly 
the  result  of  threading  of  lines,  but  where  it  is  not  so  obvious 
that  the  threading  is  also  accompanied  by  cutting.  Such  a 
case  is  represented  in  Fig.  34.  R  is  an  iron  ring  wound  with 
two  circuits,  C:  and  C2,  A  current  sent  through  Ca  will 
produce  a  flow  of  lines  in  the  ring,  the  induction  increasing 
from  zero — its  value  before  the  current  was  started — to  a 
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maximum  which  can  be  calculated  from  the  electric  and 
magnetic  data  of  the  apparatus,  according  to  formula  (16). 
During  the  period  of  growth  of  induction  an  E.M.F.  is  induced 
in  circuit  Co,  through  which  the  lines  thread,  and  a  decrease 
of  the  induction  produces  an  E.M.F.  in  C2  in  the  opposite 
direction.  This  phenomenon  is  due  here,  as  in  the  previous 
case,  to  the  change  in  the  number  of  lines  threading  the 
circuit.  In  other  words,  it  is  not  due  to  movement  of  the 
electric  circuit  and  consequent  cutting  of  lines  of  force,  but  to 
the  variation  of  the  total  strength  of  the  field.  In  this  case  it  is 
not  very  obvious  how  cutting  can  be  combined  with  threading, 
except  on  the  supposition  that  all  the  lines  start  as  infinitely 
small  closed  circles  from  a  point  somewhere  in  the  centre 
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of  the  ring,  and  expand  into  larger  and  larger  circles  until 
they  enter  the  iron  of  the  ring,  and  at  that  moment  cut  the 
coils  of  the  conductor.  It  is,  however,  not  a  matter  of  any 
practical  importance  to  determine  whether  in  any  particular 
case  cutting  or  threading  more  correctly  describes  the  inter- 
action between  the  magnetic  and  electric  circuits.  Either 
view  is  correct  and  leads  to  the  same  result.  We  shall  there- 
fore make  use  of  either  one  or  the  other  conception,  whichever 
is  more  natural  to  the  case  in  point. 

Value  of  Induced   E.M.F. 

Let,  in  Fig.  35,  Rx  R2  represent  two  straight  horizontal  and 
parallel  metallic  rails  united  at  one  end  by  a  galvanometer,  G. 
Across  these  rails  and  at  right  angles  to  them  we  lay  a  third 
metallic  rail,  C,  and  assume  the  whole  apparatus  situated  in 
a  uniform  magnetic  field,  the  lines  of  which  are  vertical.  If 
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the  rail  C,  which  we  term  the  "  slider,"  be  moved  along  the 
fixed  rails  at  a  velocity  v  it  will  cut  the  lines  of  the  field,  and 
thus  there  will  be  created  in  it  an  E.M.F.  which  will  cause  a 
current  to  flow  through  the  circuit.  If  we  know  the  E.M.F. 
.and  the  resistance  we  can  calculate  the  current,  and  conversely, 
if  we  know  the  resistance  and  measure  the  current  we  can 
calculate  the  E.M.F.  The  latter  depends,  of  course,  on  the 
velocity  of  the  movement,  the  strength  of  the  field,  and  the 
length  of  the  slider  which  is  comprised  between  the  fixed 
rails. 

By  a  series  of  experiments  carefully  made  it  would  thus  be 
possible  to  determine  the  law  which  governs  the  production  of 
E.M.F.  It  is,  however,  not  necessary  to  make  such  experi- 
ments, since  we  can  find  this  law  by  simply  applying  the 
principle  of  the  conservation  of  energy  to  the  present  case. 
The  current  flowing  through  the  circuit  under  the  induced 
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E.M.F.  represents  a  certain  energy,  which  must  obviously  be 
•equal  to  that  required  to  pull  the  slider  across  the  lines  of 
the  magnetic  field.  It  was  shown  in  Chapter  IV.  that  the 
mechanical  force,  P,  acting  upon  a  conductor  in  a  field  of 
$J  lines  per  square  centimetre  is  (C.G.S.  measure) 

P  =  lc^ (27) 

where  /  is  the  length  of  conductor  and  c  the  Current.  If  we 
move  the  slider  with  a  velocity  of  v  centimetres  per  second  the 
energy|required  will  be 

P  v  =  I  c  $  v  ergs. 

The  energy  represented  by  the  current  is  e  c,  if  by  c  we 
denote  the^E.M.F.  expressed  in  a  suitable  measure.  We  have 
therefore  the  equation 

ec  =  Ic&v (28) 

or  e  =  I  JB  v (29) 
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from  which  we  find  that  the  induced  E.M.F.  is  given  by  the 
product  of  length  of  conductor,  strength  of  field,  and  velocity, 
all  in  C.G.S.  measure.  Formula  (28)  gives  the  energy  in  ergs.. 
To  obtain  it  in  watts  we  divide  by  10,000,000,  and  have 

Watts  =  Ic  $  v  io->. 

In  this  formula  c  is  given  in  C.G.S.  measure,  but  if  we  give 
c  in  amperes  we  must  divide  by  10,  and  obtain 

Watts  =  c  I  18  v  io-8. 

The  term  /  $  v  io~s  represents,  therefore,  the  E.M.F.  in 
volts,  and  by  comparing  this  with  equation  (28),  we  find  that 
the  C.G.S.  unit  of  E.M.F.  is  the  one  hundred  millionth  part 
of  a  volt.  Unit  E.M.F.  is  produced  in  a  slider  i  cm.  long, 
moving  with  a  velocity  of  i  cm.  at  right  angles  across  the 
lines  of  unit  magnetic  field — namely,  a  field  containing  one 
line  per  square  centimetre. 

The  expression  for   calculating  the  E.M.F.  in  volts  is 

Volts  =  f$v  io~s (30) 

It  will  readily  be  seen  that  in  this  expression  /  v  is  the  area 
swept  by  the  slider  in  one  second,  and  therefore  I  v  $J,  the 
increment  or  decrement  per  second  of  the  total  number  of 
lines  of  force  passing  through  the  circuit.  An  increment,  d  Fy 
in  the  total  strength  of  the  field  in  the  time  d  I  will  therefore 

produce   in  a  simple  circuit  io~s   volts,   and    when    the 

d  t 

circuit  contains  r  turns  of  wire,  the  E.M.F.  will  be 

Volts  =  r^io-8  (31) 

d  t 

This  formula  is  convenient  for  the  calculation  of  trans- 
formers;  for  dealing  with  dynamos,  formula  (30)  is  more 
convenient. 

An  example  may  serve  to  show  its  application.  Let  in  a 
dynamo  the  strength  of  the  field  in  the  interpolar  space  be 
5,000  C.G.S.  units,  and  let  the  velocity  of  the  wires  on 
the  armature  be  1,500  cm.  per  second  (about  3,000  ft.  per 
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minute),  then  the  E.M.F.  generated   in  a  piece  of  armature 

conductor  10  cm.  long,  will  be  IO  x  5»ooo  x  1,500  ^ .--    or  about 

100,000,000 
2.\  volts  per  foot. 

C.Q.5.  Unit  of  Resistance. 

The  experiment  with  the  slider,  illustrated  in  Fig.  35,  gives- 
us  a  convenient  means  of  determining  the  relation  between 
the  absolute  or  C.G.S.  unit  of  resistance  and  the  ohm.  The 
unit  of  resistance  in  the  C.G.S.  system  is  obviously  the 
resistance  of  a  conductor  through  which  unit  E.M.F.  produces 
a  flow  of  unit  current.  Let  the  distance  between  the  fixed 
rails  be  i  c.m.  ;  let  the  strength  of  the  field  be  1B=i,  and  let 
the  slider  be  moved  with  a  velocity  of  i  cm.  per  second.  The 
E.M.F.  will  then  be  one  C.G.S.  unit,  or  io~8  volts.  If  the 
total  resistance  of  the  circuit  be  unity,  there  will  flow  unit 
current,  or  10  amperes.  Now  imagine  the  velocity  of  the 
slider  increased  to  10,000  km.  =  io9  cm.  per  second.  This 
would  give  an  E.M.F.  of  io  volts.  If  we  desire  that  under 
this  increased  velocity  the  current  shall  retain  its  former  value, 
we  must  increase  the  resistance  in  the  same  ratio — that  is, 
instead  of  one  C.G.S.  unit  of  resistance  the  circuit  must 
have  io9  C.G.S.  units  of  resistance.  But  since  the  E.M.F, 
is  io  volts,  and  the  current  is  io  amperes,  the  resistance  is 
i  ohm,  and  we  thus  find  that  the  C.G.S.  unit  of  resistance  is 
the  T,fftfT7,ffinr,iFffTy  Part  of  the  ohm,  or 

i  ohm  =  io9  C.G.S.  units  of  resistance. 

We  have  seen  that  in  order  to  keep  the  current  constant  the 
resistance  must  be  increased  proportionately  to  the  velocity, 
and  thus  the  velocity  of  the  slider  may  be  taken  as  a  measure 
of  the  resistance.  According  to  this  view,  the  resistance  of 
i  ohm  is  given  by  the  velocity  of  io9  cm.  =  10,000  km.  =  very 
nearly  to  the  length  of  one  earth-quadrant  per  second. 

Fleming's  Rule. 

Before  applying  the  laws  here  explained  to  dynamos  it  will 
be  convenient  to  give  a  simple  rule  by  which  the  direction  of 
E.M.F.  can  be  found.  Since  the  principle  of  the  conservation 
of  energy  must  also  apply  to  the  phenomena  of  electromagnetic 


io6 
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induction,  it  will  be  immediately  apparent  that  the  direction  in 
which  the  E.M.F.  acts  and  the  current  is  generated  must  be 
such  as  to  oppose  the  motion  which  produced  it.  By  applying 
this  rule,  the  direction  in  which  the  E.M.F.  acts  can  in 
every  case  be  determined,  but,  to  facilitate  this  determination, 
Dr.  Fleming  has  devised  a  simple  method  which  is  easily 
remembered.  He  uses  for  this  purpose  the  right  hand 
{Fig.  36)  pointing  with  the  thuMb  in  the  direction  of  Motion, 


and  with  the  Forefinger  in  the  direction  of  flow  of  Force. 
The  E.M.F.  is  generated  at  right  angles  to  the  plane  laid 
through  forefinger  and  thumb,  and  its  sense  is  given  b)'  the 
middle  or  Central  finger  indicating  the  direction  in  which  the 
Current  flows. 

Total  E.M.F.  Generated  in  a  Two- Pole  Armature. 

To   show   the   application   of  formula  (30)  we   take    as   an 
-example  a  two-pole  Gramme  armature  containing,  aslcounted 
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on  its  outer  circumference,  r  active  conductors.  It  may  here 
be  remarked  that  it  is  better  to  define  the  winding  of  an 
armature  by  the  number  of  external  or  active  conductors  than 
by  the  number  of  turns  of  wire.  In  Gramme  armatures  the 
two  numbers  are  identical,  but  this  is  not  the  case  in  drum 
and  some  forms  of  disc  armature,  so  that  if  we  were  to 
introduce  turns  of  wire  into  our  formulae  they  would  cease  to 
be  universally  applicable.  The  construction  of  the  Gramme 
armature  is  so  well  known  that  only  a  few  words  of  general 
explanation  need  be  given  here.  The  armature  consists  of  a 
cylindrical  core  built  up  of  iron  discs  or  wire,  and  wound  with 
insulated  copper  wire,  which  forms  a  spiral  closed  on  itself. 
On  the  outer  and  inner  surface  of  the  cylinder  the  wire  is 
parallel  to  the  spindle,  and  at  the  ends  it  occupies  a  more  or 
less  radial  position.  At  equal  intervals  all  round  this  winding 
the  coils  are  in  metallic  connection  with  conductors  leading  to 
the  plates  of  a  commutator.  For  convenience  of  manufacture 
the  winding  is  not  put  on  in  a  continuous  length,  but  in  the 
form  of  coils  containing  one,  two,  or  more  turns,  and  the 
points  of  junction  between  neighbouring  coils  are  utilised  for 
making  connection  with  the  commutator  plates.  A  current 
entering  at  one  commutator  plate  splits  into  two  branches,  one 
flowing  successively  through  all  the  coils  on  one  half  of  the 
cylinder  and  the  other  successively  through  all  the  coils  on  the 
other  half  of  the  cylinder,  the  two  branches  uniting  again  and 
leaving  the  armature  at  the  commutator  plate  opposite  that  at 
which  it  entered.  It  will  thus  be  seen  that  half  the  active 
conductors  are  at  any  time  in  series  connection,  and  the  two 
halves  are  in  parallel  connection.  The  armature  revolves 
between  the  poles  of  the  field  magnet,  and  the  conductors 
are  thus  forced  to  cut  the  lines  of  the  field,  whereby  an 
E.M.F.  is  generated  in  each  conductor.  On  account  of  tht? 
-series  connection  the  E.M.F.'s  in  all  the  wires  which  at  any 
time  are  under  the  influence  of  the  same  field  pole  are  added, 
and  the  sum  makes  up  the  total  E.M.F.  of  the  armature, 
which  we  are  now  about  to  determine. 

Let  $ia  represent  the  induction  through  the  interpolar 
space,  /  the  length  of  the  armature,  D  its  diameter,  and  « 
the  speed  in  revolutions  per  minute.  Let  o>  be  the  angle 
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embraced  by  each  pole  -piece,  and  assume  the  induction 
uniform  over  that  portion  of  the  armature  denned  by  this 
angle.  The  induction  in  the  intermediate  portions  we  assume 
to  be  zero.  Strictly  speaking,  this  is  not  correct.  In  reality 
there  is  no  abrupt  change  in  the  induction  at  the  edges  of  the 
pole-pieces,  but  a  gradual  shading  off.  For  the  determination 
of  the  E.M.F.  a  knowledge  of  the  exact  distribution  of  the 
field  is,  however,  not  required,  since  we  are  not  concerned  in 
knowing  the  E.M.F.  in  each  wire,  but  its  sum  computed  from 
all  the  wires;  and  if  in  consequence  of  an  uneven  distribution 
of  field  one  wire  does  less  than  its  proper  share  of  the  work, 
another  wire  must  do  more,  leaving  the  total  E.M.F.  exactly 
the  same  as  if  the  distribution  of  field  were  as  above  assumed. 
The  number  of  active  wires  under  the  influence  of  one  pole- 

piece  is  at  any  time  —  r.     The  E.M.F.  in  volts  generated  in 

2  7T 

each  of  these  wires  is  by  formula  (30)  I  $Ja  IT  D  —  io~8,  where 

60 

we  write  TT  —  —   for  v,  the  linear  speed  of  the  wires  across  the 
oo 

lines  of  the  field.     The  total  E.M.F.  is  therefore 


_a 

8 


T^  /   se 

E  =    .  -    T    I    $a  —  -   10 
2  7T  60 

E  =  TO)  5    9.  /  |^io-8. 

2  60 

Now  the  term  o>  —  $«  /  is  the  total  flow  of  lines  or  strength 
2 

of  field,  F,  in  C.G.S.  measure,  which  can  be  determined  from 
the  constructive  data  of  the  machine  and  the  exciting  power 
applied  according  to  formula  (19),  Chapter  V.  Inserting  this 
value  we  have 

E  =  F  T  -~  io-8      .....     (32) 

DO 

Calling  Z  the  strength  of  field  in  English  measure  (one  English 
line  of  force  is  equivalent  to  6,000  C.G.S.  lines,  Chapter  IV.) 
we  also  obtain 

E  -  Z  T  n  io~r>  ......     (33) 
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Unit  of  Resistance  in  the  C.G.S.  System. 

The  experiment  which  we  have  made  with  the  moving  wire 
(Fig.  35)  gives  us  a  convenient  means  of  determining  the  ratio 
which  exists  between  the  absolute  or  G.G.S.  unit  of  resistance 
and  the  ohm.  The  unit  of  resistance  in  the  C.G.S.  system  is, 
as  one  knows,  represented  by  the  resistance  of  a  conductor  in 
which  the  unit  of  E.M.F.  will  prduce  a  current  whose  intensity 
is  also  equal  to  unity.  If  the  distance  between  the  two  fixed 
wires  in  Fig.  35  is  i  cm.,  the  intensity,  $,  of  the  magnetic 
field  equal  to  unity,  and  if  the  moving  wire  is  displaced  with  a 
speed  of  i  cm.  per  second,  the  E.M.F.  produced  will  be  equal 
to  i  unit  in  the  C.G.S.  system,  or  to  io~s  volts.  If  the 
resistance  of  the  whole  circuit  were  equal  to  unity,  then  unit 
current  would  circulate  in  the  conductor,  which  unit  in  the 
C.G.S.  system  is  equal  to  10  amperes.  If  we  suppose  that 
the  speed  of  the  moving  conductor  reaches  10,000  km.  per 
second — i.e.,  io9  cm. — the  E.M.F.  produced  will  be  io  volts. 
Meanwhile,  in  order  to  keep  the  current  at  the  same  value  in 
spite  of  the  increase  of  speed,  it  will  be  necessary  that  the 
resistance  of  the  circuit  should  be  increased  in  the  same  ratio. 
Instead  of  taking  this  resistance  as  equal  to  i  unit  on  the 
C.G.S.  system,  it  would  be  necessary  that  it  should  equal 
jo9  units  C.G.S.  As  the  E.M.F.  is  under  these  conditions 
equal  to  io  volts  and  the  current  is  io  amperes,  the  resistance 
•of  the  circuit  must  be  i  ohm.  From  this  it  is  found  that  the 

C.G.S.  unit  of  resistance  is  the  -^  part  of  the  ohm,  or  that 

io9 

i  ohm  =  10°  C.G.S.  units. 

We  have  seen  that  in  order  to  maintain  the  current  constant 
it  was  necessary  to  increase  the  resistance  of  the  circuit  in  the 
same  ratio  as  the  speed  of  the  moving  conductor.  One  is  able 
then  to  consider  this  speed  as  a  measure  of  the  resistance. 
Thus"  the  resistance  of  i  ohm  is  represented  by  this  speed  of 
16*  cm.,  or  of  10,000  km.  per  second,  which  is  the  length  of 
a  quadrant  of  the  terrestrial  globe. 
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CHAPTER  VIII. 

E.M.F.     of     Armature— Closed     and     Open     Coil     Armature 
Windings— Bi- Polar    Winding—  Multipolar   Winding— Multi- 
polar   Parallel  Winding— Multipolar   Series  Winding— Multi- 
polar  Series  and    Parallel  Winding. 

E.M.F.    of  Armature. 

At  the  end  of  the  preceding  chapter  a  formula  was  given  for 
the  E.M.F.  of  an  armature  taken  as  a  whole.  The  formula 
was  obtained  on  the  supposition  that  the  field  is  absolutely 
uniform,  or,  in  other  words,  that  the  induction  through  the 
interpolar  space  (the  space  between  the  iron  of  the  armature 
and  that  of  the  pole  faces)  is  constant.  It  was  also  stated 
that  this  supposition  is  not  correct,  but  that  any  variation  in 
the  induction  between  one  part  and  another  part  of  the 
interpolar  space  may  be  left  out  of  account,  as  the  excess 
of  E.M.F.  in  some  wires  would  be  counterbalanced  by  the 
deficiency  of  E.M.F.  in  others,  and  thus  the  E.M.F.  of  the 
armature  taken  as  a  whole  would  be  the  same  as  if  the  field 
were  absolutely  uniform.  This  is  a  plausible  explanation,  but 
not  a  scientific  proof,  and  before  proceeding  further  it  will  be 
expedient  to  give  the  strict  proof  for  formulae  (32)  and  (33). 
Fig.  37  represents  a  transverse  section  through  an  armature 
and  its  field  poles,  N  S.  The  distribution  of  magnetic  lines 
of  force  within  the  interpolar  space  depends  on  so  many 
circumstances  that  we  cannot  possibly  map  out  the  field 
merely  by  drawing,  but  if  we  wanted  to  know  the  distribu- 
tion of  magnetism  we  would  have  to  determine  it  experi- 
mentally by  means  of  an  exploring  coil,  or  iron  filings,  or  in 
some  other  way.  It  is,  however,  for  our  present  purpose,  not 
at  all  necessary  that  we  shpuld  know  the  exact  distribution; 
of  lines  of  force ;  all  we  need  know  is  the  total  magnetic  flux 
which  enters  the  armature,  on  the  left  of  the  neutral  line,  A  Br 
and  issues  from  it  on  the  right  of  that  line.  The  winding 
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Ill 


on  the  armature  is  so  arranged  that  the  E.M.F.'s  induced 
in  all  the  wires  lying  to  one  side  of  the  line  of  commutation, 
A  B,  add  up,  and  that  the  total  E.M.F.  on  the  left  of  this 
line  is  equal  to  the  total  E.M.F.  on  the  right.  Retaining 
the  previous  notation,  we  have  r  active  conductors  on  the 
armature,  and  the  total  E.M.F.  induced  is  that  due  to 

-  wires  in  series.     If    we  number  the  conductors   from   the 

2 

top  right  and  left  i,  2,  3,  and  so  on,  and  consider  the  centre 
line  of  each,  we  can  imagine  the  total  magnetic  flux  sub- 


,8 


divided  into  as  many  parts  as  there  are  conductors  on  each- 
side,  and  say  that  the  flux  between  the  top  of  the  armature 
and  centre  of  conductor  i  is  A  Fl ;  the  flux  between  centre 
of  conductor  i  and  centre  of  conductor  2  is  A  F2,  and  so  on. 
The  total  flux,  F,  is  thus  the  sum  of  all  the  A  F  taken  over 
the  left  or  right  half  of  the  armature.  Now  let  us  consider 
two  successive  positions  of  the  armature  separated  by  an 
angle  equal  to  that  corresponding  to  the  distance  between 
two  successive  conductors.  In  being  shifted  from  one  to 
the  other  position,  conductor  i  will  cut  all  the  lines  of  force 
passing  between  i  and  2,  conductor  2  will  cut  all  the  lines 
of  force  passing  between  2  and  3,  and  10  on.  The  E.M.F. 
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•created  in  conductor  i  is,  therefore, -,  and  that  in  wire  2 

is  ?,  and  so  on,  t  being  the  time  in  which  the  armature 

rotates  through  the  small  angle  corresponding  to  the  distance 
of    one    conductor    to    its    neighbour.       The    total    E.M.F. 

generated  in  the   -  conductors  on  one  side   of  the    diameter 

•of  commutation,  A  B,  is  therefore =  -. 

t  t 

Let  D  be  the  diameter  of  the  armature  in  centimetres  and  n 
the  number  of  revolutions  per  second,  then  the  circumferential 

speed  is  --  TT  D,  and  the  distance  between  two    neighbouring 

DO 

-conductors  is  ^  — . 

Hence  t  —  TT  D  =  --  - , 

DO  T 

i  n 

and  —.  =  T  — , 

t         60 

which,  inserted  into  the  above  equation,  gives 

E-FT  « 

60 

The  E.M.F.  is  here  given  in  C.G.S.  units.     To  obtain  it  in 
volts  we  must  divide  by  io~8,  and  have 


10 

DO 


which  is  the  same  expression  as  was  given  in  the  preceding; 
chapter.  We  see,  therefore,  that  the  E.M.F.  depends  simply 
on  the  total  flux,  F,  but  is  quite  independent  of  the  more  or 
less  regular  distribution  of  the  flux  throughout  the  interpolar 
space. 

The  total  flux  is,  of  course,  that  emanating  from  one  pole- 
piece.  We  have  thus  proved  that  the  formulae  (32)  arid  (33), 
given  at  the  end  of  the  last  chapter,  are  rigorously  correct, 
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but  as  they  refer  only  to  bipolar  machines  we  must  investigate 
what  modification,  if  any,  will  be  required  in  the  formulae  for 
armature  E.M.F.  in  order  to  become  applicable  to  multipolar 
machines.  Take,  for  instance,  a  machine  with  four  poles,  as 
shown  in  Fig.  38.  The  flux  emanating  from  each  pole  divides 
so  as  to  reach  the  two  neighbouring  poles,  as  shown  by  the 
dotted  lines.  If  we  assume  that  each  pole  supplies  a  flux  of 
F  lines,  there  will  be  four  bands  of  induction  through  the 


armature,  each  carrying  -    lines. 


In  order  to  facilitate  the 


comparison  with  a  bipolar  machine,  let    us   assume  that  we 


have  in  Fig.  38  the  same  armature  as  in  Fig.  37.  The 
number  of  conductors  under  the  influence  of  each  pole  is 

now  -  instead  of  -,  as  formerly  ;  but  if  we  assume  that  the 

4  2 

total  flux  from  each  of  the  four  poles  is  the  same  as  that 
•manating  from  each  of  the  two  poles  in  Fig.  37,  then  the 
number  of  lines  passing  between  neighbouring  conductors  will 
be  greater  than  it  is  in  the  two-pole  machine.  In  other  words 
although  now  we  have  fewer  A  F,  each  A  F,  taken  individually, 
represents  more  lines,  and  the  induction  within  the  interpolar 
space  is  stronger.  By  adopting  the  same  reasoning  as  before, 
we  find  that  also  in  the  case  of  a  multipolar  machine  the  total 

8 
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E.M.F.  of  the  conductors  under  the  influence  of  one  pole-piece 
is  represented  by 

E-F 

'  7' 

E  =  F  r  -  C.G.S.  units, 
oo 

and  is  therefore  the  same  as  in  a  bipolar  machine.  It  is 
important  to  note  that  the  formula  here  found  refers  to  the 
E.M.F.  of  that  part  of  the  armature  which  lies  between  two 
successive  points  of  commutation,  and  which,  for  brevity,  we 
shall  call  armature  sections.  In  a  bipolar  machine  these 
points  are  diametrically  opposite,  and  the  E.M.F.  is  that  due 
to  one-half  the  armature  conductors  on  either  side  of  the 
diameter  of  commutation.  In  this  case  there  are  two  armature 
sections  coupled  in  parallel,  and  the  E.M.F.  of  one  section  is 
the  same  as  that  of  the  armature  taken  as  a  whole.  If  we  had 
to  do  with  a  machine  having  a  four-pole  field,  the  armature 
winding  would  have  to  be  considered  as  consisting  of  four 
sections,  each  embracing  90  deg.  If  the  machine  had  six 
poles  there  would  be  six  armature  sections,  each  embracing 
60  deg.,  and  so  on.  The  formula 

E  =  F  T  —  io~8  volts (32) 

60 

gives  the  E.M.F.  of  each  section,  and  although  in  a  bipolar 
machine  this  is  the  same  as  the  E.M.F.  of  the  armature  taken 
as  a  whole,  this  is  not  necessarily  the  case  in  a  multipolar 
machine.  It  will  be  the  case  if  the  winding  of  the  armature 
is  such  that  all  the  sections  are  coupled  in  parallel,  but  if  a 
method  of  winding  be  employed  whereby  two,  three,  or  more 
sections  are  coupled  in  series,  then  the  E.M.F.  of  the  armature 
taken  as  a  whole  will  be  two,  three,  or  more  times  that  given 
by  formula  (32).  Thus  in  a  four-pole  machine  with  series- 
wound  armature,  the  total  E.M.F.  will  be  twice  that  of  a 
bipolar  machine  with  equal  field  strength  and  equal  number 
of  armature  conductors.  In  a  six-pole  machine  with  series- 
wound  armature  the  E.M.F.  will  be  three  times  that  of  a 
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bipolar  machine,  and  so  on.     Hence,  in  multipolar  machines 
with  series-wound  armatures,  we  have 


E  -  *  F  T  -p  10-8 
oo 


(33) 


where  p  represents  the  number  of  pairs  of  poles. 

The  current  given  by  a  bipolar  machine  is  twice  the  current 
passing  through  each  armature  conductor.  In  a  four-pole 
machine  with  parallel -wound  armature  the  current  is  four 
times  that  passing  through  each  armature  conductor;,  in  a 
six-pole  machine  with  parallel-wound  armature  it  is  six  times 
that  passing  through  each  armature  conductor,  and  sb:  on. 
The  following  table  will  render  the  relations  between  number 
of  poles,  E.M.F.,  current,  and  output  clear.  Naturally,  the 
table  is  correct  only  for  machines  in  which  the  field  strength, 
revolutions,  and  number  of  armature  wires  are  constant. 

In  this  table,   E    represents  the    E.M.F.  of  one  armature 

section  as  given  by  formula  (32),  and  —  is  the  current  in  each 
armature  conductor. 


Total  E.M.F.                       Tot  1  Curr  i.r. 

Total 

Number 

Output. 

of 
Toles. 

Parallel 

Series       !     Parallel 

Seli-S 

Paiallel  or 

wiuding. 

winding,     j    winding. 

winding. 

sn-i-s  wind- 
i  ft- 

2                  E 

E 

C                   :                        C 

EC 

4                  E 

2E 

20        i          C 

2  EC 

6 

E 

3E 

30                   G 

SEC 

8 

E 

4E 

4C 

C 

4EC 

271 

E 

ml 

n  C 

c 

»EC 

This  table  shows  that  the  output  obtainable  with  any  given 
size  and  weight  of  armature  increases  as  the  number  of  poles 
is  increased,  and  it  would  thus  appear  that  multipolar  machines 
must,  under  all  circumstances,  be  better  than  bipolar  machines. 
It  should,  however,  be  borne  in  mind  that  the  E.M.F.  of  one 
armature  section  depends  on  the  strength  of  the  field,  and  if 
•we  put  more  magnets  round  a  given  armature' each  pole-piece 
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will  become  smaller,  and  we  must  either  provide  for  a  vastly 
greater  density  of  lines  in  the  interpolar  space  —  which,  for 
reasons  that  will  be  explained  later  on,  is  not  always  feasible — 
or  we  must  be  satisfied  with  a  weaker  field,  and  this  may 
counteract  the  advantage  which  would  otherwise  result  from 
the  multipolar  arrangement.  Generally  speaking,  an  armature 
designed  for  a  bipolar  field  will  probably  not  work  well  in  a 
multipolar  field,  and  when  designed  for  a  multipolar  field  will 
certainly  work  badly  in  a  bipolar  field ;  but  if  we  are  free  to 
vary  the  dimensions  and  winding  of  the  armature  to  suit  either 
one  or  the  other  type  of  field,  then  we  find  that  the  bipolar 
field  is  best  for  small  and  the  multipolar  for  large  machines. 
This  point  will  be  found  fully  considered  in  Chapter  XI.  For 
the  present  we  are  only  concerned  with  the  E.M.F.  that  may 
be  obtained  with  a  given  armature  winding  and  field.  If  we 
have  to  do  with  a  multipolar  machine,  the  winding  of  the 
armature  may,  as  already  stated,  be  on  the  parallel  or  series 
system.  It  is,  however,  also  possible  to  adopt  a  combination' 
of  the  two  methods  and  to  wind,  for  instance,  a  i2-pole  arma- 
ture in  such  way  that  three  sections  are  coupled  in  series  and 
four  in  parallel. 

Closed  and  Open  Coil  Armature  Windings. 

It  is  now  necessary  to  explain  some  of  the  methods  of 
winding  by  which  armature  sections  may  be  put  in  series  or 
in  parallel.*  We  may  distinguish  between  closed  and  open 
coil  armature  windings.  In  the  first  case  the  whole  of  the 
windings  form  a  closed  uninterrupted  chain,  to  which  the 
commutator  is  connected  at  different  points  through  special 
branch  conductors,  in  order  to  tap  the  induced  currents. 
The  collection  of  the  current  takes  place  only  at  the  neutral 
points — that  is  to  say,  where  the  induction  is  zero.  Between 
any  two  adjacent  commutator  segments,  at  any  instant  except 

*  Space  permits  only  to  give  some  of  the  windings  more  generally  used.  Those 
who  require  more  detailed  information  on  the  subject  should  consult  Dr.  Arnold's 
excellent  little  book,  "Die  Ankerwickelungen  der  Gleichstrom-Dynamomaschinen";: 
Berlin,  Julius  Springer.  1891.  Dr  Arnold  treats  the  subject  in  a  most  comprehensive 
manner,  and  shows  how  any  given  winding  can  be  represented  and  new  windings 
discovered  by  the  use  of  algebraical  formulae  and  diagrams.  If  I  do  not  follow 
Arnold's  method  it  is  not  that  I  underestimate  its  scientific  merit  but  simply  because 
I  think  that  within  the  limited  space  at  my  disposal  explanation  by  means  of  examples- 
and  winding  tallies  are  more  easily  given. 
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when  under  the  brushes,  the  E.M.F.  is  always  of  the  same 
sign.  At  the  most,  half  only  of  the  total  sections  of  the 
armature  winding  can  be  connected  in  series,  so  that  in  bipolar 
machines  of  the  closed-coil  type  the  parallel  arrangement  is  the 
only  feasible  one. 

In  the  open-coil  armature  type,  all  the  sections  coupled  in 
series  at  any  time  have  practically  the  same  position  in  the 
magnetic  field.  The  armature  coils  connected  at  any  time 
through  the  brushes  are  those  which  happen  to  be  at  the 
moment  exposed  to  the  strongest  induction,  all  the  others 
being  cut  out.  The  current  in  the  external  circuit  is  therefore 
of  a  pulsating  nature. 

+  P 


For  the  sake  of  simplicity,  we  shall  begin  the  investigation 
with  closed-coil  armature  windings,  taking  first  the  bipolar 
type.  We  shall  then  proceed  to  the  consideration  of  multi- 
polar  windings,  taking  the  parallel  arrangement  first,  the  series 
arrangement  next,  and  finally,  the  combination  of  the  two. 
Closed-Coil  Armature  Windings-Bipolar  Winding. 

Let,  in  Fig.  39,  the  circle  represent  the  cross-section  of  the 
armature  revolving  clockwise  between  the  field  poles,  N  S, 
and  the  16  small  circles  on  the  circumference  the  conductors. 
Applying  Fleming's  rule  of  Chapter  VII.,  we  find  that  in  all 
the  conductors  between  the  armature  and  the  N  pole-piece 


n8 


DYNAMOS,    ALTERNATORS, 


an  E.M.F.  will  be  induced  downwards — that  is,  away  from  the 
observer — and  in  all  the  conductors  under  the  influence  of 
the  S  pole-piece  the  E.M.F.  will  be  upwards,  or  towards  the 
observer.  We  represent  the  latter  direction  by  a  dot  in  the 
middle  of  the  wire,  being  the  point  of  the  arrow  which  denotes 
the  direction  of  the  current.  Similarly,  a  downward  current 
may  be  represented  by  an  arrow  flying  away  from  the  observer, 
who  will  then  see,  not  its  point,  but  its  wings  at  the  back. 
We,  therefore,  represent  the  downward  current  by  a  small 
cross  inscribed  in  the  wire. 

This  method  of  representing  the  direction  of  current,  or 
E.M.F.,  in  wires  seen  end  on  is  used  throughout  this  book, 
In  winding  this  armature  we  first  divide  the  circumference 
into  16  equal  parts,  and  mark  out  on  the  cylindrical  surface 
16  lines  parallel  to  the  axis.  Let  us  begin  to  wind  at  line  16, 
laying  the  wire  on  along  this  line  from  the  front  end  to  the 
back  end.  Arrived  at  the  back  end,  we  stretch  the  wire  across 
the  back  face  of  the  armature,  as  shown  by  the  dotted  line 
16-7,  and  wind  along  line  7  to  the  front.  Next,  we  stretch  the 
wire  along  the  front  end,  as  shown  by  the  full  line  7-14,  and 
wind  down  line  14.  Then  across,  back,  and  up  line  5,  and  so- 
on, until  we  close  the  winding  on  itself  with  the  front  con- 
nection 9-16.  It  is  characteristic  for  this  winding,  commonly 
known  under  the  term  "  drum  winding,"  that  we  complete 
each  turn,  not  with  the  next,  but  the  next  but  one  wire  to- 
that  with  which  the  turn  has  begun.  This  winding  may  be 
represented  by  the  following  winding  table,  in  which  the 
numbers  in  the  columns  headed  D  represent  wires  wound 
downwards,  and  those  in  the  columns  marked  U  wires  wound 
upwards,  the  letters  B  and  F  representing  back  and  front 
connections  respectively. 

WINDING  TABLE  FOR  DRUM  ARMATURE  WITH  SIXTEEN  ACTIVE 
CONDUCTORS. 


p 

D 

B 

U 

F 

D 

B 

U 

F 

D 

M 

U 

F 

D  j  B 

U 



16 



7 

14 

'  

5 

11" 

12 

_ 

3 

_ 

10 

_ 

1 

— 

8 

— 

15 

6- 

— 

13 

— 

4 

— 

11 

— 

2 

— 

9 

_  ' 
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The  number  of  columns  in  the  table  is  quite  immaterial,  and 
we  could  also  arrange  the  table  as  follows : 


F. 

D. 

B. 

U. 



16 



7 

— 

14 



5 

— 

12 



3 

— 

]0 



1 

— 

8 

—  , 

15 

— 

6 

— 

IS 

— 

4 



11 

— 

2 



y 

— 

16 

— 

7 

This  method  of  representing  the  winding  is  preferable  to  a 
diagram  on  account  of  its  greater  clearness,  especially  if  the 
number  of  conductors  is  large,  as  in  this  case  the  diagram 
becomes  confused  on  account  of  the  many  lines  crossing  each 
other. 

We  must  now  investigate  the  distribution  of  E.M.F.  between, 
the  different  armature  wires.  It  will  be  seen  from  the  diagram 
that  the  E.M.F.  is  as  follows  in  the  different  wires : 


2,          3, 

7> 

10,       II, 


16, 
4, 
8, 

12, 


no  E.M.F. 

6      downward  E.M.F, 

no  E.M.F. 

14      upward  E.M.F. 


In  Fig.  39  the  brushes  are  shown  touching  the  wires  at  the 
diameter  of  commutation,  -  B  being  the  negative  brush,  where 
the  current  enters,  and  +  B  the  positive  brush,  where  it  leaves 
the  armature.  In  reality,  the  brushes  do  not  touch  the  wires 
directly,  but  a  commutator,  the  plates  of  which  (numbering  in 
this  case  eight)  are  attached  to  each  alternate  wire.  For 
clearness  of  illustration,  the  commutator  has,  however,  been 
omitted  from  the  figure.  For  the  sake  of  simplicity,  let  us 
assume  that  the  same  E.M.F.  is  generated  in  each  of  the  wires 
2  to  6  and  10  to  14,  and  let  us  call  this  the  unit  of  E.M.F., 
and  designate  it  by  i.  Let  us  also  assume  the  absolute 
potential  of  -  B  to  be  o.  Then  the  absolute  potential  of  wire  I 
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and  of  the  back  connection  i-io  will  be  zero,  but  that  of  the 
front  connection  11-3  will  be  i,  10  being  an  active  wire,  in 
which  an  E.M.F.  of  i  is  produced.  When  we  reach  the  back 
end  of  3  another  unit  of  E.M.F.  has  been  added,  so  that  the 
absolute  potential  of  the  back  connection  3-12  will  be  2. 
Similarly  the  absolute  potential  of  the  front  connection  12-5 
will  be  3,  and  so  on.  We  may  represent  this  accumulation  of 
potential  in  our  winding  table  by  inserting  under  the  columns 
B  and  F,  instead  of  the  dash  representing  the  back  or  front 
connections,  numbers  denoting  the  units  of  potential  in  each 
of  these  connections.  We  arrive  thus  at  the  following  table  : 


F.                          D.                          I1,. 

U. 

5 

16 

o 

7 

5 

14 

4 

5 

3 

12 

.? 

3 

1 

10 

0 

i 

0  -B 

8 

0 

15 

0 

6 

1 

13 

2 

4 

S 

11 

4 

2 

5 

9 

5+B 

16 

5 

7 

The  negative  brush  is  in  contact  with  the  front  connection 
8-1,  and  the  positive  brush  with  the  front  connection  16-9,  and 
by  reference  to  the  table  we  find  that  the  total  difference  of 
potential  between  adjacent  wires  in  the  neighbourhood  of  the 
points  of  commutation  is  5  units — i.e.,  the  full  E.M.F.  of 
the  machine.  This  is  an  important  item  in  the  practical 
construction  of  armatures,  and,  in  order  to  bring  it  more 
fully  into  light,  a  winding  table  is  here  given  for  a  machine 
with  a  larger  number  of  armature  conductors.  We  have  in 
the  previous  examples  assumed  that  the  machine  has  only 
16  armature  conductors,  in  order  that  the  winding  diagram 
may  not  become  too  complicated  ;  but  in  actual  practice  the 
number  of  conductors  is  much  larger,  and  it  is  expedient  to 
study  the  distribution  of  potential  in  a  machine  as  actually 
built.  For  this  purpose  we  take  a  2OO-volt  machine,  having 
100  conductors  on  the  armature — that  is,  50  on  each  side  of 
the  diameter  of  commutation.  Of  these  there  will  be  about 
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40  under  the  influence  of  each  pole-piece,  so  that  the  unit  of 
E.M.F. — that  is,  the  E.M.F.  in  each  wire — will  be  5  volts. 
In  passing  from  one  wire  to  the  next  we  have,  therefore,  to 
add  5  volts  at  each  step.  This  progression  of  E.M.F.  from 
wire  to  wire  is  clearly  shown  by  the  figures  inserted  in  the 
columns  B  and  F.  Some  of  the  numbers  in  these  columns 
are  underlined,  and  these  represent  the  connections  which  are 
attached  to  those  commutator  bars  that  are  in  contact  with 
the  brushes.  Thus,  when  the  brushes  touch  two  commutator 
segments  on  each  side,  the  current  enters  the  winding  at  the 

WINDING  AND  POTENTIAL  TABLE  Km  DRUM   ARMATURE. 
100  Conductors,  200  Volts.  5  Volts  per  Active  Conductor. 


F. 

D. 

B. 

U.   F. 

D. 

B. 

U.   F. 

n 

B. 

U. 

F. 

0 

~ioo~ 

0 

49   0 

~93 

0 

47   0 

Te 

0  45 

0 

b 

94 

0 

43   5 

92 

10 

41 

15 

90l  20 

3 

25 

25 

88 

30 

37   35 

83 

40   33 

45 

84 

50 

33   55 

55 

82 

60 

31   65 

80 

70   Xt 

75 

78 

M) 

27i  S5 

85 

70 

90 

74 

100 

23 

105 

110 

115 

115 

70  120 

iy  125 

130 

17 

135 

t>6 

140 

15 

145 

145 

64  !  150 

13   155 

62 

160 

11 

165J  £0 

170 

9  175 

175 

58  '  180 

7   185 

!6 

190 

5 

195 

54 

200 

3 

'-00 

200 

52  !  200 

1   200 

50 

200 

99 

200 

44 

200 

97 

200 

•200 

-46 

200 

95  200 

4'4' 

195 

93  inri 

42 

135 

91 

1M) 

150 

40  175 

89  170 

3J 

lfo'5   87  i  160 

36 

155 

150 

150 

34  [  Ho 

83  HO 

32 

135 

81  130 

3J 

125 

79 

\M 

120, 

2; 

115 

77  HO 

105 

75 

100 

24 

95 

73 

90 

00 

22 
16 

55 

71   80 
65   50 

20 
14 

45 

69 
63 

IS 

18 
12 

65 
35 

67 
61 

60 
30 

30 

10 

25 

59   21 

8 

15 

57 

10 

6 

5 

55 

0 

0 

4 

0 

53   0 

2 

0 

51 

°- 

100 

Idle  wires,  94  to  4  and  45  to  53  ;    5  volts  down  in  each  of  the  wires 
5  to  44  ;  5  volts  up  in  each  of  the  wires  54  to  93. 

front  ends  of  wires  49,  51,  98,  and  100,  and  leaves  it  at  the 
front  ends  of  48,  50,  99,  and  i.  It  runs,  therefore,  down  in 
the  former  and  up  in  the  latter  wires.  An  instant  later,  when 
the  armature  has  turned  through  a  small  angle,  the  commu- 
tator segment  connected  with  51  and  100  has  passed  beyond 
the  brush,  and  the  direction  of  current  in  these  two  wires  is 
upwards,  whilst  the  current  in  50  and  i  is  similarly  reversed, 
running  now  downwards. 

By  reference  to  the  winding  table,  it  will  be  seen  that  there 
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is  no  E.M.F.  acting  in  any  of  these  eight  wires,  and  if  the 
brushes  were  set  as  represented  by  the  table,  the  change  in 
the  direction  of  the  current  would  have  to  take  place  in  each 
wire  suddenly  upon  its  emerging  from  under  the  brush. 

This  would  lead  to  sparking,  and  to  avoid  this  fault  the 
brushes  must  be  shifted  slightly  forward,  so  that  a  slight 
E.M.F.  may  act  in  the  wires  under  commutation,  whereby 
the  previous  current  is  gradually  stopped  and  the  reverse 
current  is  gradually  induced,  even  before  the  wire  emerges 
from  under  the  brush.  This  point  will  be  found  more  fully 
dealt  with  in  Chapter  XI. 

For  the  present,  it  interests  us  only  to  study  the  distribution 
of  E.M.F.  between  the  different  wires  which  is  not  materially 
affected  by  a  slight  displacement  of  the  brushes;  and  on 
reference  to  the  table  it  will  be  seen  that  there  is  a  potential 
difference  of  200  volts  between  adjacent  wires  in  the  neigh- 
bourhood of  the  points  of  commutation.  This  can  be  shown 
more  clearly  by  writing  the  wires  down,  not  in  their  order  of 
winding  as  in  the  table,  but  in  the  order  of  their  numerical 
succession,  and  writing  under  each  pair  the  average  potential 
difference  as  extracted  from  columns  B  and  F  of  the  table. 
We  select  for  this  purpose  the  quarter  of  the  armature 
containing  wires  100  to  50,  the  distribution  of  potential  in 
the  other  quarters  being  symmetrical.  We  thus  obtain  the 
following : 

Wires 100  123456 

Potential  difference  200      200     200      200     192^     185 

Wires 67          8          9        10        n 

Potential  difference  175      165      155     145      135 

Wires ...  n       12        13        14        15        16 

Potential  difference  125     115      105       95        85 

Wires 16       17        18        19        20        21 

Potential  difference  75      65        55        45        35 

Wires 21         22      23        24        25 

Potential   difference  25       15          5          5 

This  table  shows  clearly  that  the  full  voltage  stress  comes 
on  the  insulation  of  the  idle  wires,  and  that  as  we  pass  along 
the  active  wires  to  the  polar  diameter  this  stress  is  gradually 
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reduced.  As,  however,  all  the  wires  must  successively  pass 
through  the  region  of  commutation,  it  is  necessary  that  the 
insulation  between  every  wire  and  its  neighbour  should  be 
good  enough  to  sustain  the  full  voltage  of  the  machine. 
It  need  hardly  be  mentioned  that  each  coil  wound  on  the 
armature  may  consist  not  only  of  one  turn,  as  in  our  present 
example,  but  of  any  number  of  turns.  Thus  we  might,  for 
instance,  use  five  turns  for  each  coil,  and  in  this  case  the  total 
E.M.F.  of  the  machine  would  become  1,000  volts,  and  we 
should  have  to  insulate  neighbouring  coils  for  a  pressure  of 
1,000  volts.  This  is  a  somewhat  difficult  matter,  and  presents 
a  certain  risk  of  breakdown,  so  that  the  drum  winding  is  not 


FIG.  40. 

used  for  very  high  voltages.  The  limit  at  which  this  type  of 
winding  is  yet  safe  may  be  taken  at  2,000  volts  in  certain 
exceptional  cases,  but  more  generally  at  about  1,000  volts. 

One  means  for  preventing  the  strain  on  the  insulation 
between  neighbouring  wires,  which  has  been  employed  by 
C.  E.  L.  Brown  and  others,  is  to  put  the  winding  on  in  two 
layers,  separated  by  a  stout  sheet  of  insulating  material,  as 
shown  in  Fig.  40.  Here  all  the  wires  of  even  number  are  first 
placed  on  the  armature  core  all  round,  the  ends  which  are  to 
form  the  return  winding  being  left  projecting  at  the  back^ 
Then  a  sheet  of  specially  strong  insulation,  s  s,  is  put  on,  and 
the  wires  of  odd  numbers  are  brought  forward  over  it,  the  end 
connections  being  made  with  the  wires  of  even  numbers.  In 
this  manner  the  voltage  difference  between  adjacent  wires  is 
kept  down  to  a  very  moderate  amount,  whilst  that  between 
superimposed  wires,  although  equal  to  the  full  voltage  of  the 
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machine,  can  be  safely  borne  owing  to  the  extra  insulation  of 
the  insertion,  s  s. 

In  the  case  of  slot  windings,  it  is  advisable  to  use  wires  of 
rectangular  section,  placing  those  of  even  numbers  below  and 
those  of  odd  numbers  uppermost,  since  by  this  arrangement 
sufficient  space  is  obtained  for  a  stout  layer  of  insulation 
between  the  wires  at  considerable  differences  of  potential. 

Another  point  which  requires  careful  attention  in  drum 
armatures,  is  the  arrangement  and  insulation  of  the  end 
connections.  A  glance  at  Fig.  39  will  show  that  the  wires 
at  the  end  faces  of  the  armature  cross  each  other  at  various 
angles.  Now,  it  is  comparatively  easy  to  insulate  two  wires 
laid  parallel  side  by  side,  but  when  the  wires  cross  there  is 
great  risk  of  the  insulation  being  cut  through,  to  avoid  which 
the  insertion  of  strong  felt  or  other  insulating  material  becomes 
necessary.  In  larger  machines,  which  are  not  wound  with 
wire  but  with  bars,  the  end  connections  are  generally  formed 
by  specially-shaped  plates,  so  arranged  as  to  avoid  any  large 
difference  of  potential  between  adjacent  plates.  Such  con- 
structions will  be  found  more  fully  described  in  the  examples 
of  machines  given  later  on. 

Another  method  of  winding  two-pole  armatures  is  shown  in 
Fig.  41.  This  is  known  under  the  term  ring  winding,  or 
Gramme  winding,  although  first  used  by  Pacinotti  in  his 
electromotor.  In  this  arrangement  the  core  of  the  armature 
forms  a  hollow  cylinder,  and  the  winding  is  carried  spirally 
round  it,  being,  of  course,  closed  on  itself.  In  the  figure  there 
are  shown  16  conductors.  Starting  the  winding  at  the  top,  we 
would  wind  down  16,  then  up  i',  through  the  interior,  then 
down  j,  up  2' ',  down  2,  up  3',  and  so  on. 

The  winding  table  is  in  this  case  simple.  Writing  if,  2',  3' 
for  the  inner  turns  of  coils  i,  2,  3,  we  have — 
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In  this  case  the  back  and  front  connections  are  much  shorter 
than  in  the  drum  armature,  their  length  being,  in  fact,  only 
slightly  greater  than  the  radial  depth  of  the  armature  core,  or, 
say,  about  one-third  the  diameter,  whilst  in  drum  armatures, 
the  length  of  the  end  connections  is  from  i£  to  if  times  the 
diameter.  This  is  a  distinct  advantage  of  the  ring  winding; 
but,  on  the  other  hand,  the  greater  number  of  wires  is  a 
disadvantage  as  compared  with  the  drum  winding.  On  com- 
paring the  above  winding  table  with  that  given  on  page  118,. 
it  will  be  seen  that  of  those  wires  which  are  parallel  to  the 


FIG.  41. 


iron  there  are  twice  as  many,  and  of  end  connections  there 
are  also  twice  as  many.  It  is,  of  course,  advantageous  to 
produce  the  required  voltage  with  as  short  a  length  of  wire  as 
possible,  not  only  on  account  of  the  saving  in  material,  but 
also  because  the  resistance  of  the  armature  will  thereby  be 
reduced.  In  comparing,  therefore,  the  merits  of  two  methods 
of  winding  armatures,  one  of  the  points  to  be  taken  into 
account  is  the  length  of  wire  required  to  produce  a  given 
voltage,  or,  in  other  words,  the  ratio  of  the  length  of  wire 
under  the  influence  of  the  field  magnet  to  the  total  length  of 
wire  in  the  winding.  In  both  kinds  of  winding  only  the  outer 
conductors  are  under  the  influence  of  the  field  poles,  and  arer 
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therefore,  producing  E.M.F. ;  the  end  connections  in  ring  and 
drum,  and  the  internal  wire  in  the  ring  winding,  do  not  con- 
tribute to  the  E.M.F.,  and  must,  therefore,  be  regarded  as  idle 
wires.  The  ratio  of  useful  to  total  winding  depends,  of  course, 
on  the  general  proportions  of  the  wire  and  on  the  skill  with 
which  the  designer  contrives  to  arrange  the  wires  with  the 
least  waste  of  space.  The  latter  consideration  depends,  again, 
on  the  size,  speed,  and  voltage  of  the  machine,  as  there  will 
obviously  be  less  waste  of  space  where  the  machine  is  large 
.and  the  wires  stout,  than  where  the  machine  is  small  and  has 
to  be  wound  with  fine  wire,  the  space  occupied  by  insulation 
being  in  the  latter  case  large  in  proportion  to  the  space 
occupied  by  copper.  Taking,  however,  average  condition  of 
winding,  we  can  make  a  rough  comparison  between  the  ring 
and  drum  type  of  armature,  assuming,  for  this  purpose,  that 
the  end  connections  in  the  ring  are  '4  of  the  diameter  of  the 
core,  and  in  the  drum  i'6.  We  must  also  assume  a  certain 
proportion  between  the  diameter  and  length  of  core.  If,  for 
instance,  the  length  is  equal  to  the  diameter,  we  would  have 
in  the  ring  each  turn  equal  to  2*8  times  the  diameter,  and  the 

efficiency  of  the  winding  would  be    n      =    "356.     In  the  drum 

2'8 

each  turn  would  be  5*2  times  the  diameter  of  the  core,  and  the 
efficiency  of  winding  ^  =  "385.  The  following  table  shows 

the  efficiency  of  winding  calculated  in  this  manner  for  different 
ratios  of  length  to  diameter  of  core  : 


Length. 

Efici-i  cy  of  Windi  g  for 

Diameter. 

Ring. 

Drum. 

•5 

•278 

•238      • 

10 

•356 

•385 

15 

•395 

•484 

2-0 

•416 

565 

This  table  shows  clearly  that  the  longer  the  armature  is  in 
-comparison  with  its  diameter,  the  better  is  the  total  length  of 
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winding  utilised.  It  also  shows  that  for  all  but  very  short 
armatures  the  drum  winding  is  more  efficient  than  the  ring 
winding,  though  for  the  usual  proportions,  when  the  length  is 
from  i  to  i£  times  the  diameter,  the  difference  between  the 
efficiency  of  the  two  windings  is  not  very  great.  There  is, 
however,  another  point  in  favour  of  drum  winding  which  does 
not  appear  in  the  above  table.  This  table  gives  simply  the 
length  of  useful  winding,  but  says  nothing  as  to  resistance  of 
winding.  When  an  armature  is  wound  with  wire  the  total 
armature  resistance  is,  of  course,  directly  proportional  to  the 
length  of  wire  comprised  in  the  winding,  but  when  a  bar 
winding  is  used  the  section  of  its  different  parts  (outer  bars, 
cross-connections,  and  inner  bars,  if  any)  can  be  made  different 
so  as  to  utilise  the  available  winding  space  in  the  best  possible 
way,  or  reduce  the  armature  resistance  as  far  as  possible. 
Now,  in  a  ring  the  part  where  the  winding  is  most  difficult 
to  house  is  the  inside,  as  the  space  there  is  necessarily  limited, 
and  for  this  reason  it  is  hardly  ever  found  possible  to  increase 
the  section  of  the  inside  bars  as  compared  to  that  of  the 
outside  or  active  bars.  On  the  other  hand,  with  a  drum  the 
winding  space  at  the  ends  is  not  so  restricted,  and  we  can 
generally  manage  to  use  cross-connections  of  larger  area  than 
that  of  the  active  bars.  We  thus  find  that  not  only  does  the 
•drum  have  a  shorter  winding  circuit  than  the  ring,  but  parts 
of  this  circuit  may  be  made  of  larger  section  than  is  possible 
in  the  ring,  with  the  result  that  the  resistance  is  sensibly 
reduced.  A  lower  resistance  means,  of  course,  that  we  may 
pass  a  larger  current  through  the  armature,  and  obtain  a  larger 
output  from  a  given  weight  and  size  of  armature.  In  practice 
it  is  found  that  this  increase  of  output  amounts  to  from  30  to 
50  per  cent. 

Thus  far  the  advantage  would  seem  to  lie  entirely  with  the 
drum  winding,  but  this  is  to  some  extent  balanced  by  the 
greater  difficulty  of  the  insulation  and  support  of  the  coils. 
In  small  armatures  which  are  wound  with  wire,  the  coils  are 
more  difficult  to  hold  in  place  when  wound  drum  fashion  than 
when  wound  ring  fashion,  as  in  the  latter  case  the  inner  turns 
and  short  end  connections  help  to  keep  the  outer  turns  in  their 
position.  The  same  thing  applies  to  large  machines  for  high 
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voltage,  with  the  additional  difficulty  of  insulating  neighbouring 
coils,  which  is  absent  in  ring  armatures.  By  referring  to 
Fig.  41,  it  will  be  seen  that  the  current  passes  successively 
through  coil  after  coil  in  the  order  in  which  the  coils  succeed 
each  other,  so  that  the  difference  of  potential  between  adjacent 
coils  is  equal  to  the  E.M.F.  generated  in  one  coil.  It  is  there- 
fore an  easy  matter  to  insulate  the  coils  against  each  other, 
and  on  account  of  this  advantage  we  find  that  for  machines 


FIG.  42 


of  high  voltage  the  ring  winding  is  generally  preferred.  In 
medium-sized  and  large  machines  of  moderate  voltage,  the 
difficulties  above  mentioned  can,  however,  easily  be  met,  and 
in  these  cases  the  drum  winding  is  certainly  preferable  to  the 
ring  winding. 

Multipolar  Parallel   Winding. 

We  have  now  to  enquire  how  either  method  of  winding  may 
be  extended  to  multipolar  machines.  The  simplest  case  is  a 
parallel-wound  ring  armature,  and  this  we  take  first.  Fig.  42 
shows  such  an  armature  in  a  six-pole  field.  It  will  be  seen. 
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that  the  winding  is  carried  spirally  round  the  armature  core  in 
precisely  the  same  manner  as  would  be  adopted  in  a  two-pole 
machine.  The  direction  in  which  the  E.M.F.  is  induced  in 
the  different  wires  is  shown  by  dots  and  crosses,  as  before.  In 
each  group  of  seven  wires  under  the  N  poles  the  direction  is 
downwards,  in  each  group  under  the  S  poles  it  is  upwards. 
Assuming  each  of  the  conductors  to  generate  i  volt  and  the 
current  to  enter  at  the  brush  -  Bto  the  left  of  the  uppermost  N 
pole,  where  we  may  regard  the  absolute  value  of  the  potential 
to  be  zero,  there  will  be  an  absolute  potential  of  7  volts  in 
wire  9.  From  wire  10  onwards  the  E.M.F.  is  upwards — that 
is  to  say,  we  have  to  deduct  i  volt  for  each  successive  wire, 
so  that  by  the  time  we  arrive  at  17  the  absolute  potential 
has  again  been  reduced  to  zero.  The  two  brushes  marked 
-  B  in  the  diagram  are,  therefore,  at  the  same  potential,  and 
may  be  joined  by  an  external  conductor.  The  same  con- 
sideration applies  to  the  rest  of  the  armature  and  to  the 
positive  brushes,  so  that  we  may  connect  externally  the  three 
negative  brushes  together  and  the  three  positive  brushes 
together.  The  voltage  between  the  negative  and  positive 
brushes  is,  of  course,  that  due  to  one  section  of  the  armature 
winding,  and  the  total  current  is  six  times  that  passing 
through  each  conductor. 

In  the  type  of  winding  shown  in  Fig.  42,  we  require,  there- 
fore, six  brushes  spaced  equally  round  the  commutator.  This 
is  with  certain  constructions  of  machine  an  inconvenient 
disposition,  and  has  the  further  disadvantage  that  we  have  to 
adjust  six  brushes  instead  of  two.  It  is,  however,  possible  to 
reduce  the  number  of  brushes  to  two  by  adding  to  the  winding 
internal  cross-connections.  The  figure  represents  an  armature 
with  48  wires,  and  in  the  position  shown  the  three  negative 
brushes  connect  coils  i,  17,  and  33,  whilst  at  the  same  time 
the  three  positive  brushes  connect  coils  9,  25,  and  41.  Now, 
it  will  be  clear  that  if  we  wish  to  remove  four  out  of  the 
six  brushes,  we  must  replace  the  external  connections  made 
between  the  two  sets  of  three  brushes  by  internal  connections 
made  between  the  two  sets  of  three  coils  above  mentioned. 
This  would,  of  course,  have  to  be  done  for  all  sets  of  three  coils, 
and  might  be  represented  by  the  following  winding  table, 
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in  which  the  vertical  columns,  read  downwards,  represent 
the  successive  spirals  of  the  usual  ring  winding,  and  the 
horizontal  lines  between  the  columns  the  internal  cross- 
connections.  Those  of  the  latter  which  at  the  moment  are 
in  immediate  connection  with  the  brushes  are  shown  by 
thicker  lines. 

Fig.  43  represents  diagrammatically  a  four-pole  cylinder 
armature  with  cross-connections.  In  order  to  keep  the  illus- 
tration clear,  the  armature  is  supposed  to  have  only  16  coils, 
and  the  cross-connections  are  shown  in  concentric  circles, 
though  in  practice  they  are  generally  arranged  spirally  round  a 
cylindrical  sleeve  behind  the  commutator,  or  they  are  housed 
within  the  commutator.  Cross-connections  of  this  kind  were 
first  used  by  Mr.  Mordey  in  his  Victoria  dynamos. 

WINDING  TABLE  FOK  PARALI  EL  SIX-POLE  RIN<;  ARMATRE  WITH 
INTERNAL  CROSS-CONNECTIONS 


1  — 

17 

_ 

3S 

__ 

10 

—  2'- 

—  42 

?.  — 

18 



34 



11 

—  27 

—  43 

3  — 

19 

— 

35 



12 

—  '/8 

—  44 

4  — 

20 

— 

3^ 

— 

13 

-  29 

—  45 

5  — 

21 

— 

37 

— 

14 

—  30 

-  46 

6  — 

22 

— 

38 

— 

15 

—  31 

47 

7  — 

23 



39 



16 

—  32 

—  48 

8  — 

24 



40 



17 

—  35 

—   1 

9  — 

25 

— 

41 

— 

The  advantages  of  the  multipolar  ring  winding  are  that  we 
can  use  conductors  of  smaller  section,  which  can  be  more 
easily  handled,  and  that  the  commuted  currents  are  smaller, 
so  that  the  danger  of  sparking  at  the  brushes  can  be  more 
easily  avoided.  There  is  also  the  further  advantage  that  no 
great  difference  of  potential  can  ever  exist  between  adjacent 
coils.  On  the  other  hand,  there  is  the  danger  of  internal 
currents,  heating,  and  waste  of  power  due  to  the  following 
cause :  Suppose  that,  owing  to  careless  lining  out  in  the 
erection  of  the  machine,  or  to  wear  in  the  bearings,  the 
armature  is  not  quite  in  the  centre  of  the  field,  but  a  little 
lower,  the  air-space  between  its  core  and  the  three  lower 
field  poles  will  be  less,  and  that  between  the  core  and  the 
three  upper  field  poles  (Fig.  42)  will  be  more  than  the 
normal  amount.  It  will  be  obvious  that  the  total  flux  of 
lines  depends,  amongst  other  things,  on  the  air-space  ;  being 
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greater  for  a  small  and  smaller  for  a  large  air-space.  The 
eccentric  position  of  the  armature  results,  therefore,  in  an. 
inequality  of  magnetic  flux  from  the  different  pole-pieces, 
with  the  consequence  that  the  E.M.F.  of  each  individual 
coil  in  the  lower  half  of  the  armature  will  be  greater 
than  in  the  upper  half.  Let  us  assume,  for  the  sake 
of  illustration,  that  the  difference  is  only  10  per  cent. 
The  absolute  potential  of  wire  2  would  be  i  volt,  and  that 
of  wires  18  and  34  would  be  ri  volt.  That  of  wire  3  would 
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be  2  volts,  and  that  of  wires  19  and  35,  joined  to  it  by  the 
cross-connections,  would  be  2 '2  volts,  and  so  on  with  the 
other  wires.  This  difference  of  voltage  must  produce 
currents  circulating  internally  through  the  coils  and  their 
cross-connections,  which  currents  will  be  the  greater,  and, 
therefore,  the  more  harmful,  the  lower  the  resistance  of  the 
winding — that  is,  the  more  perfect  the  armature  is  in  other 
respects.  The  resistance  of  an  armature  can  easily  be 
brought  down  to  such  a  value  that  the  loss  of  pressure  at 
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full    output    is    only   from    i    to    3    per    cent,    of    the    total 
E.M.F. 

An  armature  with  so  low  a  resistance  would  naturally  be 
very  sensitive  to  these  wasteful  internal  currents.  This  may 
be  illustrated  by  an  example.  Let  us  assume  that  in  a  six- 
pole  parallel-wound  machine  designed  to  yield  1,000  amperes 
at  a  terminal  potential  of  100  volts  the  resistance  of  the 
armature  causes  a  loss  of  pressure  of  2  per  cent.,  hence  in 
this  case  2  volts.  If  all  the  poles  are  of  exactly  equal 
strength,  the  flow  of  current  at  each  brush  will  be  333'3 
amperes.  We  will  assume,  however,  that  in  consequence  of 
the  inaccurate  centering  of  the  armature  the  air-gap  on  one 
side  is  greater  by  5  to  6  per  cent,  than  on  the  other.  This 
condition  is  equivalent  to  a  variation  of  about  4  per  cent,  in 
the  E.M.F.  with  the  machine  running  light.  If  we  denote 
by  BJ,  B3,  and  B5  the  three  negative,  and  with  B2,  B4,  and 
B6  the  three  positive  brushes,  and  assume,  for  the  time  being, 
that  the  brushes  of  like  sign  are  not  connected  together, 
then  with  the  machine  running  light  the  potentials  at  the 
brushes  will  be  as  follows : 

Bx  =  o,  B2  =  104,  B3  =  2,  B4  =  102,  B5  =  2,  B6  =  104. 

By  connecting  the  brushes  of  like  sign,  the  potentials  of  the 
negative  brushes,  B1}  B3,  B-J}  become  naturally  of  uniform 
value,  as  likewise  the  potentials  of  the  positive  brushes,  Bo, 
B4,  Br>. 

The  difference  between  the  two  values  is  the  common 
difference  of  potential  between  the  terminals  of  the  machine — 
in  our  example  100  volts.  The  common  terminal  potential 
necessitates,  however,  in  each  armature  section  a  current 
of  sufficient  strength  to  neutralise  the  effects  of  the  wasteful 
E.M.F.'s.  A  simple  calculation  shows  that  in  each  of  the 
sections  of  the  armature  winding  between  Bl5  B2  and  Bl5  B6  a 
current  of  400  amperes,  and  in  each  of  those  between  B3,  B., 
and  B0,  B6  a  current  of  200  amperes  must  be  generated, 
while  the  sections  B3,  B4  and  B5,  B4  carry  no  current.  Hence 
the  current,  expressed  in  amperes,  transferred  to  the  brushes 
is  as  follows  : 

B!  =  800,  B2  =  600,  B.,  -••=  200,  B4  =  o,  Br,  =  200,  Br>  =*  600. 
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Owing  to  the  reaction  of  the  armature  on  the  field,  the 
inequality  in  the  current  in  the  different  sections  will  in  reality 
not  be  so  great  as  here  indicated,  but  there  will  still  remain 
a  great  tendency  to  sparking  due  to  the  unequal  loads  on  the 
individual  brushes.  This  defect  may  be  remedied  by  cross- 
connections.  Although  the  generation  of  these  wasteful 
internal  currents  is  not  checked  thereby,  they  may,  never- 
theless, be  prevented  from  flowing  through  the  brushes,  and 
thus  causing  sparking.  But  the  best  plan  is,  naturally,  to  avoid 
the  main  cause  of  the  trouble — i.e.,  an  un-uniform  field. 


FIG,  44. 

For  these  various  reasons  it  is  important,  if  a  parallel 
method  of  winding  be  employed,  to  take  great  care  to  have 
the  armature  properly  centered,  and  the  field  poles  all  of  the 
same  strength.  This  applies,  of  course,  equally  to  multipolar 
drums. 

We  have  now  to  investigate  the  parallel  method  of  drum 
winding  for  multipolar  machines,  and  for  this  purpose  we 
take  a  four-pole  armature  having  24  conductors  (Fig.  44). 
Electrically,  such  an  armature  is  equivalent  to  a  pair  of 
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armatures,  each  having  12  conductors,  and  each  taking  half 
the  total  current.  In  order  to  find  the  winding  for  the  four- 
pole  drum,  we  need  therefore  only  copy  the  connections  which 
would  be  required  in  the  two-pole  drum.  Thus,  beginning  the 
winding  in  the  latter  at  wire  2  (Fig.  45),  we  wind  down  2,  then 
across  the  back  and  up  9,  then  across  the  front  and  down  4, 
and  so  on.  Precisely  the  same  sequence  of  winding  has  to 
be  used  in  the  four-pole  drum  (Fig.  44) ;  but  since  here  the 
angular  distance  between  adjacent  conductors  is  half  of  the 
corresponding  value  in  the  two  -  pole  armature,  the  cross- 
connections  span  only  about  one-quarter  instead  of  one-half 
the  circumference.  It  should  also  be  noted  that  the  front  and 
back  cross-connections  are  not  equal  in  length.  Thus  the 
connection  2-9  spans  seven  \vires,  whilst  the  9-4  spans  only 
five  wires.  The  mean  length  between  the  two  would  be  a 
connection  spanning  six  wires — that  is,  exactly  one-quarter 
the  circumference.  If  we  continue  in  Fig.  44  the  sequence 
of  winding  here  indicated,  we  arrive  again  at  the  starting 
point,  and  so  obtain  a  closed  winding.  This  is  technically 
known  under  the  term  "  lap  winding,"  from  the  fact  that 
successive  turns,  like  269  F,  4611  F,  etc.,  overlap  each 
other.  The  following  is  the  winding  table  for  the  armature 
shown  in  Fig.  44  : 
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The  letters  D  and  U  are  omitted  because  superfluous,  as  it 
is  immaterial  whether  we  start  at  any  given  wire  by  winding 
downwards  or  upwards.  The  result  must  be  in  either  case 
the  same.  The  letters  F  and  B  represent,  as  before,  cross- 
-connections, and  the  smaller  numbers  in  the  F  columns 
represent  the  absolute  potential  in  that  part  of  the  winding 
given  in  any  convenient  unit.  To  determine  the  potential  at 
any  point  of  the  winding,  we  have  only  to  start  at  the  negative 
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brush  (assumed  to  be  a  zero  potential)  and  follow  the  winding, 
adding  for  each  active  conductor  the  number  of  volts  it 
produces.  The  direction  of  E.M.F.  is  shown  (in  Fig.  44)  in 
the  usual  way  by  dots  and  crosses,  and  this  corresponds  to  a 
disposition  of  field  where  the  magnets  are  set  at  an  angle  of 
45  deg.,  as  shown.  We  thus  have 

No  E.M.F.  in  wires  23,  24,  i ;  5,  6,  7  ;  n,  12,  13 ;  17,  18,  19. 
Downwards  E.M.F.  in  wires  2,  3,  4 ;  14,  15,  16. 
Upwards  E.M.F.  in  wires  8,  9,  10 ;  20,  21,  22. 
Assuming,  for  the  sake  of  easy  calculation,  that   each  wire 
adds  i   volt,   and    that    the  negative    brush    is   touching    the 


commutator  bar  corresponding  to  the  front  connection  24-5, 
then  we  shall  have  i  volt  in  connection  22-3,  and  3  volts  in 
connections  20-1  and  18-23.  The  next  connection  is  at  the 
back  23-16,  and  in  it  the  potential  will  still  be  3  volts;  but 
if  we  pass  through  wire  16  to  the  front  we  lose  i  volt  as  the 
E.M.F.  in  this  wire  is  downwards.  The  potential  of  the  front 
connection  16-21  is,  therefore,  only  2  volts.  As  our  object  is  to 
tap  the  armature  at  the  point  where  the  potential  is  highest, 
it  follows  that  we  must  place  the  positive  brush  at  a  point 
which  is  beyond  wire  20  (which  is  the  last  wire  adding 
E.M.F.),  and  before  wire  16  is  reached.  As  the  point  must 
be  on  a  front  connection,  its  locality  is  restricted  to  either 
20-1  or  18-23.  Let  us  select  the  latter  position,  as  that  will 
place  the  brushes^  -  B  and  +  B  (Fig.  44)  exactly  90  deg.  apart. 
We  have  seen  that  the  current  entering  at  -  B  and  passing 
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down  wire  5,  up  22,  and  so  on,  finds  its  way  quickly  out  at 
brush  +  B.  How  about  the  other  branch  of  the  currentr 
which  passes  down  24  ?  If  we  follow  this  in  the  winding 
table,  we  find  that  it  has  to  pass  18  wires  before  reaching 
the  positive  brush,  23-18 — that  is,  three  times  as  many  wires 
as  the  former  current.  Moreover,  the  potential  will  rise  to- 
3  volts  when  we  reach  u-6,  then  fall  to  zero  when  we  reach 
12-17,  and  then  rise  again  to  3  volts  when  we  reach  18-23^ 
Clearly,  it  is  advantageous  to  let  the  current  out  as  soon  as 
it  has  reached  the  3  volts  for  the  first  time,  and  for  this 
reason  we  must  place  a  brush  on  the  commutator  section 
corresponding  to  the  front  connection  n-6,  indicated  in  the 
diagram  by  +  B'.  Similarly,  we  must  place  a  negative  brush. 
-  B',  on  the  commutator  bar  corresponding  with  the  front 
connection  12-17.  ^n  the  winding  table  the  position  of  the 
brushes  is  indicated  by  underlining  the  figures  giving  the 
voltage  in  the  columns  F,  single  underlining  being  used  to- 
denote  the  negative,  and  double  underlining  the  positive 
brush.  In  winding  an  armature  in  this  manner  we  lay  on 
successive  laps,  with  an  advance  of  two  between  each  lap 
and  the  following  lap,  and  continue  till  we  have  gone  once 
round  the  armature.  The  only  conditions  which  must  be 
fulfilled  in  order  that  the  winding  may  close  on  itself  is  that 
there  be  an  even  number  of  bars  if  counted  all  round  the 
armature,  and  that  the  distance  between  two  bars  forming  a 
winding  should  give  an  odd  number  if,  starting  with  one  bar 
and  including  it,  the  space  is  counted  over  till  the  other  bar  is 
reached,  this  last  not  being  included  in  the  counting.  Thus, 
starting  with  the  last  bar,  which  must  have  an  even  number. 
we  wind  down  this  and  cross  the  back  in  a  forward  direction 
till  we  get  to,  say,  the  seventh  bar.  Here  we  wind  up  and 
cross  the  face  in  a  backward  direction  to  bar  2.  We  might 
thus  say  that  the  winding  is  laid  on  with  a  forward  "  pitch  " 
of  7  and  a  backward  pitch  of  5,  or  it  might  be  considered  a 
backward  pitch  of  17  and  a  forward  pitch  of  19.  Or  we 
might  have  had  a  forward  pitch  of  17  and  a  backward  pitch  of  15,. 
or  any  other  combination  in  which  the  forward  and  backward 
pitch  are  odd  numbers  differing  by  2.  The  pitch  must,  of  course,, 
be  such  as  to  embrace  a  little  more  than  the  angular  width 
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of  the  pole-piece,  in  order  to  fully  utilise  the  field.  If  the 
pitch  be  chosen  larger  than  necessary,  the  winding  can  still 
be  used,  but  there  is  waste  of  copper  in  the  extra  length 
of  cross-connections,  and  an  increased  armature  resistance  ; 
moreover,  the  reaction  of  the  armature  on  the  field  is  thereby 
increased.  An  excessively  large  pitch,  which  would  bring  the 
two  bars  of  one  lap  simultaneously  under  the  influence  of  two 
equal  poles,  would  not  only  reduce  the  voltage,  but  also 
increase  the  sparking  difficulty. 

It  is  characteristic  of  this  type  of  drum  winding  that 
precisely  the  same  armature  may  be  used  in  fields  having 
different  numbers  of  poles,  the  only  alteration  required  being 
in  the  number  of  brushes,  just  the  same  as  with  a  ring 
armature.  Thus  a  drum  with  24  conductors  having  a  forward 
pitch  of  7  and  a  backward  pitch  of  5  will  work  perfectly  well 
in  a  four-pole  field,  provided  the  angular  width  of  the  pole- 
pieces  does  not  exceed  the  space  occupied  by  three  bars. 
Precisely  the  same  armature  can  be  used  in  a  two-pole  field 
with  pole-pieces  of  the  same  dimensions.  The  E.M.F.  would 
be  the  same  in  both  cases,  but  the  current  with  a  two-pole 
field  would  be  half  that  obtainable  with  a  four-pole  field. 
To  make  this  clear,  a  winding  table  is  given  overleaf  for  a 
six-pole  parallel  drum,  having  120  bars,  pitch  forward  21  and 
backward  19.  The  position  of  the  six  brushes  is  indicated 
by  underlining  the  corresponding  numbers  in  the  voltage 
columns.  It  will  also  be  seen  by  reference  to  these  columns 
that  the  full  difference  of  potential  exists  between  adjacent 
bars,  just  as  in  the  ordinary  two-pole  drum,  but  as  the 
multipolar  parallel  winding  is  generally  used  for  large  currents 
and  moderate  voltages,  the  difficulties  of  insulation  are  not 
serious. 

In  the  winding  table  it  is  assumed  that  each  of  the,  six 
brushes  touches  two  commutator  segments,  the  negative 
brushes  being  at  0,  and  the  positive  brushes  at  !£. 

If  we  now  take  the  same  armature  and  place  it  in  a  four- 
pole  field  we  obtain  a  perfectly  feasible  combination,  the 
angular  width  of  the  pole-pieces  being,  of  course,  the  same 
as  before.  The  winding  table  for  this  arrangement  is  given 
on  page  139. 
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By  reducing  the  number  of  poles  from  six  to  four,  we 
have  gained  nothing  in  E.M.F.,  but  we  have  lost  one-third 
of  the  current,  there  being  now  only  four  circuits  through 
the  armature  instead  of  six,  as  before.  To  employ  a  four-pole 
iield  to  advantage  we  should  have  to  increase  the  angular 
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width  of  the  poles  and  the  total  flux  from  each,  and  we  should 
also  have  to  make  the  pitch  greater,  say  29  forward  and  27 
backward. 

Multipolar  Series  Winding. 

When     discussing     the     multipolar    parallel    winding,    we 
selected    a    ring    armature     as    the    starting    point    of    our 
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investigation,  for  the  reason  that  its  explanation  is  rather 
more  simple  than  that  of  a  parallel-wound  drum.  With  series 
winding  the  case  is  reversed,  the  drum  winding  being  more 
easily  explained  than  the  ring  winding,  and  for  this  reason  we 
shall  begin  the  investigations  with  the  former,  taking  as  our 
first  example  a  four-pole  drum.  The  characteristic  feature 
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of  all  drum  armatures  is  that  no  wires  of  any  kind  pass 
through  the  interior ;  hence  to  get  from  one  bar  to  the  other 
we  cannot  admit  any  other  kind  of  connections  but  those  that 
lie  entirely  on  the  back  or  front  face  of  the  armature  core. 
The  necessary  consequence  of  this  condition  is  that  when  we 
join  two  bars  we  can  only  join  the  back  end  of  one  bar  to  the 
back  end  of  the  other,  or  the  front  end  of  the  one  to  the  front 
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end  of  the  other,  but  in  no  case  the  back  end  of  one  bar  to 
the  front  end  of  the  other.  Since  the  direction  of  E.M.F. 
changes  with  the  sign  of  the  magnet  pole,  and  since  our 
object  is  to  so  couple  up  the  bars  that  their  E.M.F.'s 
shall  add  up,  it  follows  that  the  length  of  front  and 
back  connections  must  correspond  to  the  angular  distance 
between  the  poles,  or,  in  other  words,  that  the  pitch,  y,  must 
be  about  equal  to  the  total  number  of  bars  divided  by  the 
number  of  poles,  p.  We  say  advisedly  "  about "  equal, 
because,  as  will  be  shown  presently,  the  total  number  of  bars 
can  never  be  an  exact  multiple  of  the  pitch.  A  four-pole 
series  armature  may  be  considered  to  result  from  the 
combination  of  two  two-pole  armatures  in  such  a  way  that 
the  E.M.F.'s  are  added.  Let  us  then  suppose  the  two-pole 
armatures  cut  open  and  stretched  into  semi-cylinders,  which 
we  place  together  so  as  to  form  an  armature  of  double 
the  original  diameter.  The  successive  bars,  which  in  the 
two-pole  armatures  were  opposite  (or  180  deg.  apart),  will 
now  be  only  go  deg.  apart,  so  that  in  passing  through  four 
bars  in  their  order  of  connection  we  shall  go  once  round 
the  armature.  The  pitch,  in  other  words,  will  now  not  be 
forward  and  backward,  as  in  the  parallel  method  of  winding, 
but  always  forward.  It  is  also  clear  that  the  pitch  must  be  an 
odd  number,  because  if  it  were  an  even  number  we  should 
never  get  any  bars  at  all  into  the  places  distinguished  by 
odd  numbers.  The  distance  between  two  successive  bars 
wound  downwards  is,  therefore,  an  even  number,  being  twice 
the  pitch,  and  in  following  the  winding  once  round  the 
armature  we  find  that  the  bars  coming  under  north  poles 
have,  say,  even  numbers,  and  the  bars  coming  under  south 
poles  have  odd  numbers.  Starting,  then,  with  an  even- 
numbered  bar  under  one  of  the  north  poles,  we  arrive,  after 
going  once  round,  at  a  bar  under  the  same  pole,  and  this 
must  also  have  an  even  number,  though  not,  of  course,  the 
same  number  as  the  bar  with  which  we  started,  as  that 
would  at  once  close  the  winding.  By  analogy  with  the  two- 
pole  drum  we  conclude  that  in  going  once  round  we  must 
arrive  at  a  bar  either  two  in  front  or  two  behind  that  from 
which  we  started.  The  relation  between  the  number  of 


AND    TRANSFORMERS.  14! 

poles,  p,  total   number  of  bars,  T,  and   pitch,  "y,  is  therefore 
given  by  the  formula — 

T=py±2, 
y  being  an  odd  number. 

Thus  in  a  four-pole  drum,  with  a  pitch  of  7,  the  number 
of  bars  may  either  be  30  or  26,  but  not  28,  which  would  be 
the  exact  multiple  of  the  pitch.  With  a  pitch  of  5  the 
number  of  bars  would  similarly  be  18  or  22. 

We  have  in  the  foregoing  assumed  that  the  length  of  the 
connectors  in  front  is  the  same  as  that'  of  the  connectors 
at  the  back,  but  this  is  not  absolutely  necessary.  By  having 
the  same  pitch  at  both  ends  we  obtain  a  perfectly  symmetrical 
winding,  and  the  designer  would,  for  this  reason,  naturally 
adopt  such  a  winding  where  possible.  It  is,  however,  not 
an  absolute  necessity  to  have  the  same  pitch  back  and  front, 
and  it  might,  under  certain  circumstances,  even  be  advan- 
tageous to  abandon  the  perfectly  symmetrical  winding  for 
one  that  is  slightly  unsymmetrical.  Suppose,  for  instance, 
\ve  made  in  the  four-pole  machine  the  back  connectors  with 
a  pitch  of  7,  and  the  front  connectors  with  a  pitch  of  5,  then 
we  could  employ  26  bars,  the  winding  being  26-7-12-19-24-5-10, 
etc.  Or  we  could  make  the  back  connectors  with  a  pitch  of 
9,  and  the  front  connectors  with  a  pitch  of  7,  when  we  could 
wind  a  3o-bar  armature  as  follows : 

30-9-16-25-2-11-18,  etc. 

Electrically,  either  of  these  armatures  is  equivalent  to  the 
corresponding  armature  (r=26  and  r  =  3O),  which  we  obtained 
by  making  the  pitch  of  the  back  and  front  connectors  both  7. 

To  include  cases  where  the  pitch,  front  and  back,  differs 
by  2,  we  must  write  our  formula  for  the  number  of  bars  as 
follows  : 

T  =  ^(2y  +  2)  ±2, 

y  being  the  smaller  of  the  two  pitches  and  an  odd  number. 
We  could  thus  wind  a  six-pole  so-bar  armature  with  a  pitch 
of  9  at  the  back  and  7  in  front. 

50  =   -  (2    X    7  +  2)   +  2. 

It  is  not  necessary  to  give  the  whole  winding  table  for  such 
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an  armature,  as  a  few  figures  suffice  to  show  the  sequence — 
thus  : 

50-9-16-25-32-41 

48-7-14-23,  etc. 

If  we  assume  the  E.M.F.  to  be  downwards  in  bars  6  to  10, 
23  to  27,  40  to  44,  and  upwards  in  bars  48  to  2,  14  to  18, 
31  to  35,  we  find  that  the  negative  brush  must  touch  the 
commutator  segments  connected  to  the  front  ends  of  bars  5. 
21,  or  37,  and  the  positive  brush  the  segments  connected  with 
the  front  ends  of  bars  47,  13,  or  29,  the  distance  between  the 
two  brushes  being  either  60  deg.  or  180  deg.  The  advantage 
of  using  unequal  pitch  for  the  front  and  back  connectors  is  that 
we  are  not  so  restricted  in  the  choice  of  the  number  of  bars. 
Thus,  in  a  six-pole  armature  with  an  equal  pitch  of  7,  front 
and  back,  we  could  not  get  more  than  44  bars,  whereas  with 
an  equal  pitch  of  9,  front  and  back,  we  could  not  get  less  than 
52  bars. 

Supposing,  now,  that  when  designing  the  machine  we  found 
that  44  bars  would  not  give  enough  E.M.F.,  and  that  with 
52  bars  the  E.M.F.  would  be  too  great,  then  we  can  help 
ourselves  by  making  the  front  connectors  with  a  pitch  of  7  and 
the  back  connectors  with  a  pitch  of  9.  The  number  of  bars 
will  then  be  either  46  or  50.  The  adoption  of  unequal  pitch 
gives  us,  therefore,  greater  choice  in  the  number  of  bars 
which  can  be  adopted.  This  will  be  seen  more  closely  from 
the  following  table,  which  refers  to  six-pole  machines. 


Pitch. 

Possible  number 
of  bars. 

Pitch. 

Possible  number 
of  bars. 

Fi-nt. 

Back. 

Front. 

Back. 

7 

7 

40  and  44     19 

21 

118  and  122 

7 

9 

46     50     21 

21 

124    128 

9 

9 

52    56     21 

23 

130    134 

9 

11 

58    62  •   23 

23   |   136    140 

11 

11 

64     68     23 

25   !   142    146 

11 

13 

70     74     25 

25     148    152 

13 

13 

76     80     25 

27 

154    158 

13 

15 

82     86  i   27 

27 

160    164 

15 

15 

88     92  !   27 

29 

166    170 

15 

17 

94     98 

29 

29 

172    176 

17 

17 

100    104 

29 

31 

178    182 

17 

19 

106    110 

31 

31 

184    188 

19 

19 

112    116 

31 

33 

190    194 
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Similarly,    the    possible    numbers    of   bars    for    eight  -  pole 
machines  is  given   in  the  following  table. 


Pit 

ch. 

Possible  number 

Pi) 

ch. 

Possible  number 

Front. 

Back. 

of  bais. 

Front. 

Back. 

of  bars. 

11 

11 

86  and  90 

23 

25 

190  and  194 

11 

13 

94     98 

25 

25 

198     202 

13 

13 

102     106 

25 

27 

206     210 

13 

15 

110     114 

27 

27 

214     218 

15 

15 

118     122 

27 

29 

222    226 

15 

17 

126     130 

29 

29 

230     234 

17 

17 

134     138 

29 

31 

23d     242 

17 

19 

142     156 

31 

31 

246     250 

19 

19 

150     154 

31 

33 

254     258 

19 

21 

158     162 

33 

33 

262     266 

21 

21 

166     170 

33 

35 

270     274 

21 

23 

174     178 

35 

35 

278    282 

23 

23 

182    186 

35 

37 

286    290 

To  summarise  :  If  the  pitch  at  front  and  back  are  equal,, 
the  number  of  bars  is  given  by 

r  =  py  ±  2. 

If  there  is  a  difference  of  2  between  the  front  and  back 
pitch,  the  formula  becomes 

T  ~p  (y  +  i)  ±  2, 

y  being  the  smaller  pitch,  and  in  either  case  an  odd  number. 

Having  now  settled  the  question  concerning  the  possible 
number  of  bars,  we  return  to  our  example  of  a  four-pole 
machine. 

The  diagram  (Fig.  46)  shows  the  winding  for  a  four-pole 
drum  having  18  conductors.  The  current  enters  at  the 
negative  brush,  -  B,  and  issues  at  the  positive  brush,  +  B, 
the  branch  passing  down  18  receiving  E.M.F.  from  the  wires 
15,  2,  7,  12,  and  the  branch  passing  down  13  receiving  E.M.F. 
from  the  wires  3,  16,  n,  6.  ... 

This  kind  of  winding  is,  of  course,  applicable  to  any  number 
of  poles.  The  following  table  gives  the  winding  for  an  eight- 
pole  drum  having  202  conductors  and  a  pitch  of  25,  front  and 
back.  Each  active  wire  is  supposed  to  produce  i  volt,  and 
the  numbers  inserted  into  the  columns  F  and  B  denote,  as. 
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before,  the  absolute  potential  of  the  connections,  assuming  the 
negative  brush  to  be  at  zero  potential.  To  find  the  wires  in 
which  the  E.M.F.  acts  downwards  or  upwards,  we  require  a 
drawing  of  the  field  showing  the  angular  width  of  the  poles. 
Let  us  assume  that  the  latter  is  such  as  to  cover  21  wires, 
leaving  a  little  over  four  wires  in  each  neutral  space.  It  is 
not  necessary  to  draw  the  armature,  as  the  position  of  the 
centre  of  the  field  poles  may  be  simply  marked  out  on  a 
circle.  Thus,  supposing  the  centre  of  one  pole  to  coincide 
with  wire  202,  then  the  centre  of  the  next  pole  will  be  at 
25^,  and  the  others  at  50!,  75!,  101,  126^,  151^,  and  176!. 


FIG.  46. 


Adding  our    10  wires   on    either   side,   and    rounding  off  the 
fractions,  we  arrive  at  the  following  result : 


E.M.F.  downwards  in 


E.M.F.  upwards  in 


192 
40 
91 

141 
15 
66 

116 

167 


10 

60 

111 

161 

35 

86 

136 

187 


Idle  wires 


11 

36 
61 
87 
112 
137 
16? 


14 

39 

61) 

90 

115 

140 

166 

191 


By  reference  to  these  figures,  it  is  now  an  easy  matter  to 
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insert  the  potential  in  the  columns  F  and  B,  which  has  been 
done  in  the  winding  table  here  given. 

WINDING   AND  POTENTIAL   TABLE    FOR   EIGHT-POLE   SERIES- WOUND 
DRUM.     202  CONDUCTORS  ;  PITCH  25. 


F. 

B. 

F. 

B. 

F. 

B. 

|F. 

B. 

F. 

41  202 

*? 

25 

t? 

50 

44 

75 

45 

100 

46 

125 

47 

150 

48 

175 

49 

49  200 

50 

23 

51\  48 

5-2 

73 

53 

98 

•>4 

123  55 

148 

16 

173 

57 

57  198 

55 

21 

59\  46 

60 

71 

61 

96 

r2 

121 

es 

146 

64 

171 

G5 

65  196 

6'6' 

19 

671  44 

68 

69 

69 

94 

70 

119 

n 

144 

72 

169 

7S 

73  194 

74 

17 

75"  42 

76 

67 

77 

92 

78 

117 

79 

142 

80 

167 

81 

81  192 

52 

15 

8S  40 

84 

65 

84 

90 

84 

115 

84 

140 

94 

165 

84 

84  190 
84  188 

84 
*4 

13 
11 

84  38 
84  36 

84 
84 

63 
61 

I 

88 
86 

84 
S3 

113  '84 
111  182 

138 
136 

94 
91 

163 
161 

84 
80 

80  186 

79 

9 

7S  34 

77 

59 

76 

84 

75 

109 

74 

134 

73 

159 

72 

72\  184 

71 

7 

70'  32 

69 

57 

68  82 

67 

107 

66 

132 

66 

157 

6A 

64'  182 

63 

5 

dfjoO 

61 

55 

60  80 

59 

105 

58 

130 

57 

155 

06 

56  18C 

•15 

3 

*4 

28 

53 

53 

52\  78 

51 

103 

SO 

198 

V 

153 

4S 

48  178 

& 

1 

46 

26 

45 

51 

44\  76 

43 

101 

& 

126 

)1 

151 

40 

40  176 

99 

201 

55  24 

37 

49 

36  74 

SS 

99 

34 

124 

)'.:? 

149 

SS 

Si  174 

•'11 

199 

SO  22 

"9 

47 

28 

72 

97 

97 

86 

122 

.-.-; 

147 

24 

i4  172 

ss 

197 

*#  20 

•21 

45 

20 

70 

lit 

95 

18 

120 

/•; 

145 

16 

*6  170 

15 

195 

14 

18 

13 

43 

1-2 

68 

11 

93 

W 

118 

9 

143 

8 

8  168 

7 

193 

6\  16 

6 

41 

4 

66 

S 

91 

£ 

116 

1 

141 

0 

0  166 

0 

191 

0  14 

0 

39 

'0 

64 

0 

89 

0 

114 

0 

139 

0 

0  164 

0 

189 

0|  12 

0 

37 

0 

62 

0 

87 

n 

112 

0 

137 

0 

0  162 

0 

187 

7 

10 

g 

35 

s 

60 

4 

85 

5 

110 

6 

135 

7 

7  160 

<y 

185 

9 

8 

w 

33 

11 

58 

IS 

83 

18 

108 

14 

133 

15 

15  158 

ze 

183 

17 

6  \18 

31 

19 

56 

so 

81 

•21 

106 

22 

131 

es 

2J  156 

^ 

181 

£6 

4  W 

29 

S7 

54 

3S 

79 

2li 

104 

'ill 

129 

si 

51  154 

£8 

179 

S3 

SI  to 

27 

So 

52 

w 

77 

S7 

102 

'J8 

127 

3'J 

«0  152 

# 

177 

41  202  ^ 

1 

It  will  be  noticed  that  there  are  no  less  than  nine  front 
connections  which  are  at  potential  zero,  and  nine  front 
connections  which  are  all  at  the  same  potential  of  84  volts. 
We  might  place  the  negative  brush  on  any  of  the  former 
and  the  positive  brush  on  any  of  the  latter.  Selecting, 
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however,  in  each  case  the  connection  equally  distant  on 
both  sides  from  active  wires,  we  find  the  position  for  the 
negative  brush  on  that  commutator  segment  which  is  joined 
with  the  connection  139-164,  and  the  positive  brush  on  the 
segment  corresponding  to  connection  63-88.  The  two  brushes 
will  then  be  135  deg.  apart.  It  would,  however,  be  equally 
correct  to  place,  say,  the  positive  brush  on  115-140,  when  its 
distance  from  the  negative  brush  would  be  45  deg.  In  fact, 
if  the  angular  width  of  the  poles  is  sufficiently  small  so  as  to 
leave  a  large  number  of  wires  idle,  eight  brushes  may  be  used 
spaced  45  deg.  apart,  of  which  four  would  be  positive  and 
four  negative.  This  arrangement  may  be  advantageous  when 
it  becomes  important  to  reduce  the  length  of  the  commutator 
without  cutting  down  the  brush  surface.  The  number  of 
commutator  bars  required  is  101,  or  half  the  number  of 
conductors.  The  displacement  of  the  commutator  sections 
relatively  to  the  brushes  may  be  represented  in  the  winding 
table  by  drawing  a  pencil  down  the  first  and  third  F  column. 
Thus,  taking  the  positive  brush,  we  may  assume  that  at  the 
moment  to  which  the  table  refers  the  positive  brush  has  just 
left  the  segment  corresponding  to  connection  65-90,  and  is 
now  only  touching  the  segment  corresponding  to  63-88,  as 
shown  by  the  double  underlining.  A  moment  later  it  will 
also  touch  the  segment  corresponding  to  61-86,  and  finally 
leave  63-88.  To  truly  represent  the  action  going  on  in  the 
armature,  all  the  numbers  in  the  winding  table  must  be 
considered  to  move  downwards,  so  that  the  effect  will  be 
the  same  as  if  the  numbers  stood  still  and  the  brush  oscillated 
up  and  down  over  the  distance  of  two  lines.  It  will  be  seen 
that  the  current  must  be  reversed  simultaneously  in  eight 
wires,  but  there  are  also  eight  magnet  poles  to  produce  the 
reversal. 

With  this  type  of  winding,  the  difficulty  of  insulating 
adjacent  conductors  from  each  other  is  magnified.  From 
what  has  been  already  said  on  the  subject  of  parallel  winding, 
it  will  be  clear  that  had  this  armature  been  wound  parallel, 
the  greatest  difference  of  potential  between  adjacent  con- 
ductors would  have  been  21  volts.  It  is  now  84  volts,  or 
four  times  as  great.  The  insulation  between  adjacent  bars 
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must  be  strong  enough  to  resist  the  full  voltage  of  the 
machine,  and  for  this  reason  the  winding  here  described  is 
only  used  for  moderate  pressures.  For  ordinary  central- 
station  work  on  the  three-wire  system,  where  a  pressure  of 
250  is  about  the  maximum  required,  this  winding  is  perfectly 
safe,  and  it  has  also  been  used  successfully  in  power 
transmission,  traction  work,  and  for  arc  lighting  up  to 
1,000  volts,  but  beyond  this  pressure  the  series  ring  winding 
is  preferable. 

It  has  been  previously  mentioned  that  the  spacing  on  the 
front  of  the  armature  may  be  reduced  or  increased  by  2 
relative  to  that  on  the  back,  whereby  a  somewhat  greater 
selection  as  regards  the  possible  number  of  wires  employed 
is  obtained.  But  we  may  go  even  further  in  this  direction, 
and  make  a  considerable  difference  between  the  two  spacings. 
If,  for  instance,  yt  represent  the  spacing  on  the  front  end, 
and  yb  that  on  the  back  end,  then  we  obviously  obtain  a 
properly  closed  winding,  provided  the  number  of  wires  satisfies 
the  equation 

r  =  £  (y    +  yb)±  2. 

That  an  armature  so  wound  also  satisfies  the  requisite  elec- 
trical conditions  may  be  proved  by  an  example.  Let  it  be 
required  to  wind  a  four-pole  drum  armature  with  T  =  118. 
For  equal  spacing  on  the  front  and  back  ends  yf  and  yb  would 
each  be  29,  whence 

118  =  2  x  2  x  29  +  2. 

Let  us  now  reduce  the  spacing  on  the  back  end  by  8,  while 
at  the  same  time  increasing  that  on  the  front  end  by  a  like 
amount.  We  then  obtain 

yb  =  21 ;  yf  =  37. 

Assuming  the  polar  angle  to  be  such  that  about  18  wires 
lie  under  each,  then  even  the  smaller  spacing,  yb  =  21,  is  of 
sufficient  length  to  more  than  embrace  the  pole.  It  is, 
therefore,  impossible  for  two  conductors  belonging  to  the  same 
end  connector  to  lie  simultaneously  under  one  pole,  and  hence 
oppose  each  other.  The  E.M.F.  yielded  by  an  armature 
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wound  in  this  manner  is,  consequently,  exactly  equal  to  that 
of  an  armature  having  the  same  spacing  on  the  front  and  back 
ends.  The  great  difference  in  the  spacing  possesses,  however, 
the  advantage  that  in  the  interpolar  space  the  conductors 
convey  alternately  ascending  and  descending  currents,  so 
that  the  back  turns  of  the  armature  (see  Chapter  XI.)  are 
considerably  reduced. 

In  this  armature  we  have 

E.M.F.  directed  downwards  in  the  wires  |35  J°  ^ 

E.M.F.  directed  upwards  in  the  wires  (^   °  g3 

Assuming  that  in  each  active  wire  an  E.M.F.  of  i  volt  is 
induced,  the  pressure  being  measured  at  the  negative  brush, 
we  obtain  the  values  written  in  the  columns  yi  and  jy/  of  the 
following  winding  table  for  the  pressure  obtaining  in  the  end 
connectors.  The  negative  brush  rests  on  the  segment  of  the 
commutator  connected  with  the  end  connector,  85-4 ;  the 
positive  on  the  connector  115-34.  The  angular  distance 
between  the  two  brushes  is  90  deg.  The  position  of  the 
negative  brush  is  signified  in  the  table  by  a  single  under-line, 
and  that  of  the  positive  brush  by  a  double  line,  while  the 
direction  of  the  current  in  each  wire  is  indicated  by  means  of 
a  cross  or  a  point,  as  the  case  may  be,  placed  before  and  after 
the  figure  indicating  the  order.  By  tracing,  according  to  this 
table,  the  direction  of  the  current  in  adjoining  wires  between 
the  poles,  we  find  that  it  alternates.  For  example,  in  the 
space  between  wires  84  and  93  the  current  in  the  wires  84,  86, 
88,  90,  and  92  rises,  while  it  descends  in  the  wires  85,  87,  89, 
91,  and  93.  Hence  the  magnetising  influence  of  these  wires 
on  the  field  vanishes.  The  same  arrangement  may  be  applied 
to  bipolar  machines.  Front  and  back  connectors  differ,  then, 
by  2,  and  are  considerably  shorter  than  would  be  the  case 
if  the  connected  points  were  diametrically  opposite  each  other. 
The  connector  does  not  embrace  the  entire  diameter  of  the 
armature,  but  only  a  segment  of  it,  whence  the  name  segment 
winding.  It  is  obvious  that  this  method  of  winding  may  be 
employed  also  for  parallel-connected  multipolar  drum  wind- 
ings, with  the  advantage  that  the  back  turns  of  the  armature 
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WINDING  TABLE  FOR  A   FOUR-POLK  DRUM  ARMATURE  WITH  SERIES 

CONNECTIONS  AND  SEGMENT  WINDING. 

r  =  118. 
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Vf 

37 

Order. 

21 

Order. 

yf 

37 

Oa.'e  .    21 

Order. 

Vf 
37 

2 

x  118  x 

2 

.  21  . 

3 

x  68  x 

3 

.  79  . 

4 

4 

x  116  x 

4 

.  19  . 

5 

x  56  x 

5 

.  77  . 

6 

6 

x  114  x 

6 

.  17  . 

7 

x  54  x 

7 

.  75  . 

8 

8 

x  112  x 

8 

.  15  . 

9 

x  52  x 

10 

.  73  . 

11 

11 

x  110  x 

12 

.  13  . 

13 

x  50  x 

14 

.  71  . 

15 

15 

x  108  x 

16 

.  11  . 

17 

x  48  x 

18 

.  69  . 

19 

19 

x  1C6  x 

iO 

.   9  . 

21 

x  46  x 

22 

.  67  . 

13 

23 

x  104  x 

24 

.   7  . 

25 

x  44  x 

26 

.  65  . 

27 

27 

x  1C2  x 

28 

.   5  . 

28 

x  42  x 

29 

.  63  . 

29 

29 

x  100  x 

30 

.   3  . 

30 

x  40  x 

31 

.  61  . 

31 

31 

x  98  x 

22 

1  . 

32 

x  38  x 

33 

.  59  . 

33 

33 

x  96  x 

34 

.  117  . 

34 

x  36  x 

35 

.  57  . 

35 

35 

x  94  x 

36 

.  115  . 

36 

x  34  x 

36 

x  55  x 

36 

36 

.  92  . 

36 

x  113  x 

46 

.  32  . 

36 

x  53  x 

26 

36 

.  90  . 

36 

x  111  x 

35 

.  30  . 

30 

x  51  x 

34 

34 

.  88  . 

34 

x  1C9  x 

33 

.  28  . 

33 

x  49  x 

32 

32 

.  86  . 

32 

x'l07  x 

31 

.  26  . 

31 

x  47  x 

30 

30 

.  8*  . 

30 

x  105  x 

29 

.  24  . 

29 

x  45  x 

28 

28 

.  82  .' 

27 

x  103  x 

26 

.  22  . 

25 

x  43  x 

24 

24 

.  80  . 

23 

x  101  x 

22 

.  20  . 

21 

x  41  x 

20 

20 

.  78  . 

19 

x  99  x 

18 

.  18  . 

17 

x  39  x 

16 

16 

.  76  . 

15 

x  97  x 

14 

.  16  . 

13 

x  37  x 

12 

12 

.  74  . 

11 

x  95  x 

10 

.  14  . 

9 

x  35  x 

8 

8 

.  72  . 

7 

x  93  x 

7 

.-'IS  , 

6 

x  33  x 

6 

6 

.  70  . 

5 

x  91  x 

5 

.  10  . 

4 

x  31  x 

4 

4 

.  68  . 

3 

x  89  x 

3 

.   8  . 

2 

x  29  x 

2 

2 

.  66  . 

1 

x  87  x 

1 

.   6  . 

0 

x  27  x 

0 

0 

.  64  . 

0 

x  85  x 

0 

x   4  x 

0 

.  25  . 

0 

0 

x  62  x 

0 

.  83  . 

~0 

x   2  x 

0 

.  23  . 

1 

1 

x  60  x 

1 

.  81  . 

2 

x  118  x 

2 

are  considerably  reduced,  as  in  the  previous  case.     It  is  not 
advisable  to  make  the  segments  so  short  that  the  back  turns 
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entirely  disappear,  because,  on  the  one  hand,  the  danger  is 
thereby  entailed  of  not  fully  utilising  the  field,  and,  on  the 
other  hand,  the  zone  of  commutation  becomes  too  narrow. 

When  discussing  the  multipolar  parallel  winding  we  found 
that  an  inequality  in  the  strength  of  the  fields  must  cause 
wasteful  internal  currents.  This  defect  is  entirely  absent  in 
the  multipolar  series  winding.  On  reference  to  the  winding 
table,  it  will  be  seen  that  if  there  exists  such  an  inequality, 
it  must  affect  both  branches  of  the  current  within  the 
armature  to  the  same  extent,  so  that  the  balance  between 


FIG.  47. 

them  is  not  disturbed,  and  no  wasteful  currents  can  be 
generated.  This  is  an  important  advantage,  not  only  of  this 
particular  winding,  but  of  all  methods  of  series  winding. 

We  shall  now  proceed  to  investigate  the  multipolar  series 
ring  winding.  '  The  transition  from  the  drum  to  the  ring  is 
most  easily  made  if  we  replace  each  bar  by  a  coil  wound  over 
the  ring  in  the  usual  Gramme  fashion.  In  order,  however, 
to  leave  the  connectors  where  they  were,  we  must  reverse  the 
direction  in  which  each  alternate  coil  is  wound.  Thus,  in  the 
four-pole  armature  (Fig.  46,  p.  144),  we  would  wind  the  coil  corre- 
sponding to  bar  18,  say,  down  on  the  outside  and  up  through 
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the  inside  of  the  ring,  and  the  same  with  coils  2,  4,  6,  etc. 
On  the  other  hand,  coils  i,  3,  5,  etc.,  would  be  wound  up 
on  the  outside  and  down  through  the  inside  of  the  ring. 
Such  a  winding  is  shown  in  Fig.  47,  but  to  avoid  over- 
lapping and  keep  the  illustration  clear,  the  number  of  coils 
is  assumed  to  be  22,  instead  of  18.  '  Beginning  the  winding 
at  coil  22,  we  wind  this  down  on  the  outside  and  finish 
at  the  outside  on  the  back.  Coil  5  we  wind  up  on  the  out- 
side, down  on  the  inside,  and  finish  at  the  outside  in  front. 
The  object  of  winding  the  coils  alternately  up  and  down  is 
merely  to  get  the  connectors  of  the  same  length ;  where  that 


FIG. 


is  not  of  importance  the  coils  may  all  be  wound  the  same  way, 
the  beginning  and  finish  being  both  left  on  outside  wires.  We 
now  connect  the  back  of  22  with  the  back  of  5,  the  front  of  5 
with  the  front  of  10,  the  back  of  10  with  the  back  of  15,  and 
so  on,  exactly  the  same  as  in  a  drum  armature.  This  winding 
has  also  the  same  fault,  inasmuch  as  the  difference  of  potential 
between  adjacent  coils  is  equal  to  the  full  pressure  generated; 
and,  as  far  as  the  author  is  aware,  it  has  never  been  used  in 
practice,  The  fault  here  mentioned  can,  however,  easily  be 
removed,  and  on  removing  it  we  arrive  at  a  winding  which 
(originally  invented  by  Ayrton  and  Perry,  and  first  used  by 
Andrews)  is  now  extensively  used  for  high-pressure  work.  The 
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potential  difference  between  coil  4  and  coil  5  is  great;  it  is 
also  great  between  5  and  6,  but  between  4  and  6,  6  and  8, 
8  and  10,  etc.,  it  is  small.  If  we,  therefore,  omit  from  the 
winding  all  unevenly  numbered  coils  (i,  3,  5,  etc.),  we  at 
once  obtain  a  winding  in  which  the  potential  difference  is 
nowhere  great,  and  which  may  be  used  up  to  any  pressure 
for  which  the  ordinary  two-pole  ringjwinding  is  safe.  Now, 
if  we  wish  to  omit  coil  5  we  can  do  so,  provided  we  supply 
a  connection  between  22  and  10.  We  would,  therefore,  have 
to  join  the  back  outside  end  of  coil  22  with  the  front  outside 
end  of  coil  10.  The  connection  would  then  pass  from  back 
to  front  through  the  interior  of  the  armature,  at  the  same  time 
crossing  over  to  the  opposite  point  of  the  diameter.  Such 
an  arrangement  would,  however,  be  inconvenient.  To  avoid 
it,  we  need  only  increase  coil  22  by  half  a  turn  by  bringing 
the  wire  once  more  forward  on  the  inside.  This  finishes  the 
coil  with  an  inside  end  in  front.  The  connector  lies  now 
entirely  on  the  front  face  of  the  armature,  as  shown  in  Fig.  48. 
In  the  same  way  we  may  put  half  a  turn  on  the  inside  to 
the  coil  numbered  10,  and  thus  finish  it  also  in  front.  The 
connector  10-20  will,  therefore,  likewise  lie  in  front.  It  is 
convenient  to  make  these  connections  in  the  commutator, 
and  not  from  the  armature  itself.  The  commutator  then 
contains  twice  as  many  segments  as  there  are  coils,  so  that 
each  end  of  wire  is  connected  to  a  segment.  This  is  known 
as  the  Arnold  method  of  ring  winding.  Treating  all  the 
even-numbered  coils  in  the  same  way,  we  find  that  all  the 
connectors  come  to  the  front,  and  the  winding  becomes 
perfectly  symmetrical.  The  winding  includes,  however,  only 
the  even-numbered  coils  and  misses  the  coils  of  odd  numbers. 
Thus,  instead  of  a  drum  containing  22  bars,  we  have  obtained 
a  ring  with  only  n  coils;  but  if  we  give  two  turns  to  each 
coil  we  shall  still  have  22  external  conductors,  and  therefore 
the  same  E.M.F.  as  before.  Counting,  however,  coils  and 
not  conductors,  and  giving  the  coils  consecutive  numbers, 
we  can  describe  the  winding  by  saying  that  the  inside  end 
of  No.  ii  is  joined  to  the  outside  end  of  No.  5,  the  inside 
of  the  latter  to  the  outside  of  10,  the  inside  of  10  to  the 
outside  of  4,  and  so  on.  The  pitch  in  this  case  is  5,  or  half 
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the  sum  of  a  front  and  back  pitch  of  the  equivalent  drum 
winding.  In  the  case  described  the  two  were  equal,  but  they 
might  also  have  differed  by  2,  and  then  the  pitch  of  the  ring 
winding,  instead  of  being  an  odd  number,  would  have  become 
an  even  number.  Calling  y/  and  yj,  respectively  the  front 
and  back  pitch  in  a  drum  armature,  the  total  number  of  bars 
is  given  by 

r  -  p-  (yf  +  yi, )  ±  2. 

The  equivalent  ring  armature  has  half  the  number  of  coils, 
and  calling  y  the  pitch  for  the  ring,  we  have 


y  = 


and  the  number  of  coils  in  the  rim 


We  have  seen  that  in  a  drum  armature  the  pitch  must 
always  be  an  odd  number.  In  a  ring  armature,  on  the  other 
hand,  it  may  be  either  an  odd  or  an  even  number.  It  will 
be  an  odd  number  if  the  front  and  back  pitch  of  the  equivalent 
drum  (from  which  we  may  consider  the  ring  to  have  been 
evolved)  are  equal,  and  it  will  be  an  even  number  if  the  front 
pitch  is  either  greater  or  smaller  by  2.  It  is  convenient  to 
tabulate  the  formulae  for  armatures  wound  for  different  numbers 
of  poles  ;  we  thus  obtain  the  following  table  : 


The  number  ol 
roils  must  be 
i  qusl  to  — 

Machine  has 

4  poles 

8y±l 

6  polei 
3  i/±l 

8  poles 
4  i/±  1 

10  poles 

12  poles 

14  poles 
7t/±l 

The  pitch,  y,  being  any  even  or  odd  number.  It  will  be  seen 
that  whether  the  pitch  is  even  or  odd,  the  number  of  coils  in 
machines  having  4,  8,  or  12  poles  must  always  be  an  odd 
number.  It  must  also  be  an  odd  number  in  machines  having 
6,  10,  and  14  poles  if  the  pitch  is  even  ;  but  if  the  pitch  is  odd 
the  number  of  coils  in  machines  having  6,  10,  and  14  poles 
must  be  even. 
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We  have  now  found  the  law  which  governs  the  number 
of  coils  that  can  be  used  in  series-wound  multipolar  ring 
armatures,  and  must  now  find  a  way  to  represent  the  winding 
by  means  of  a  table  analogous  to  that  we  have  adopted  with 
drum  armatures.  For  this  purpose  we  must  agree  on  some 
method  of  distinguishing  in  the  table  between  the  outside 
and  inside  ends  of  the  coils.  We  might,  for  instance,  agree 
that  the  outside  wire  of  a  coil  is  on  the  left  and  the  inside  wire 
on  the  right  of  the  number  representing  the  coil  in  the  winding 
table.  Thus,  if  we  write  31-62-30,  it  shall  mean  that  the 
outside  of  30  is  connected  to  the  inside  of  62  and  the  outside 
of  62  to  the  inside  of  31.  This  convention  may  be  represented 
diagrammatically  thus  : 


The    following   is   the  winding   table    for   a   four-pole   ring 
armature  having  63  coils  (63  =  2  x  31  +  i). 

WINDING  AND  POTENTIAL  TABLE  FOR  FOUR-POLE  SERIES  RING, 
63  COILS. 
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45 
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17 
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75 
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90 

90 

43 

85 

11 

80 
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60 

40 

55 

8 

50 

39 

45 

7 

40 

40 

38 

35 

6 

30 

37 
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5  SO 

36 

IS 

4 

10 

35 

5 

3 

0 

34 

0 

2 

0 

0 

35 

0 

1 

0 

32 

0 

\ 

E.M.F.  ia  directed 
E.M.F.  is  directed    . 

/downward    inside  \  3    —    13 
\  upward    outside  /35    —    44 
f  downward  outside\19     —     29 
\    upward  inside    Jbl     —     60 

No  E.M.F.  in  coils 


isiae  )  oi  - 

[-61  —  2 

14  —  18 

•130  -  34 

145  -  50 
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We  suppose  each  wire  on  the  outer  circumference  of  the 
armature  to  produce  i  volt,  and  each  coil  to  have  five  turns, 
so  that  the  E.M.F.  of  each  coil  will  be  5  volts.  It  is  evident 
that  each  connector  must  be  joined  to  one  segment  of  the 
commutator,  and  as  there  are  as  many  connectors  as  there 
are  coils,  we  must  have  as  many  segments  in  the  commutator 
as  there  are  coils  on  the  armature^,  core.  We  may  thus 
number  the  segments  in  the  same  way  as  we  number  the 
coils.  The  segments  so  numbered  must,  however,  be  con- 
nected either  all  to  the  inside  wires  or  all  to  the  outside 
wires  of  the  coils,  but  not  some  segments  to  inside  and  some 
to  outside  wires. 

It  will  be  seen  from  this  table  that  there  is  in  no  part  of  the 
winding  a  greater  difference  of  potential  than  5  volts  between 
two  adjacent  coils.  The  negative  brush  may  be  placed  on  any 
commutator  segment  between  30  and  33  on  one  side,  and 
between  62  and  2  on  the  opposite  side.  The  positive  brush 
may  be  placed  either  on  any  segment  between  14  and  17  on 
one  side,  or  on  any  segment  between  46  and  49  on  the 
opposite  side.  Two  brushes  only  are  necessary,  placed  90  deg. 
apart ;  but  four  may  be  employed  to  get  increased  brush 
surface  if  required.  In  this  respect  the  series  ring  resembles 
the  series  drum,  though  in  the  ring  the  possibility  of  placing 
additional  brushes  is  not  of  so  much  advantage,  since  the  ring 
winding  would  naturally  only  be  employed  in  cases  where  the 
voltage  is  high  and  the  current  low  or  moderate,  so  that  the 
brush  surface  need  not  be  very  large. 

The  question  as  to  the  angular  distance  between  the  positive 
and  negative  brushes  is  of  considerable  practical  importance. 
If  accessibility,  ease  of  supervision,  and  compactness  of  design 
were  the  only  considerations  involved,  we  would  naturally 
place  the  brushes  as  near  together  as  the  character  of  the 
winding  permits,  but,  from  an  electrical  point  of  view,  this  is 
not  a  good  arrangement.  In  the  first  place,  there  is  the  danger 
that  both  brushes  may  at  the  same  time  be  accidentally 
touched,  and,  in  the  second  place,  there  is  greater  probability 
of  flashing  over  from  one  brush  to  the  other  if  the  distance 
between  the  brushes  is  small.  For  these  reasons  it  is  safer  to 
put  the  brushes  as  far  apart  as  the  character  of  the  winding 
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will  permit.  The  law  which  regulates  the  relative  position  of 
the  brushes  is  very  simple.  We  have  seen  that  there  are  half 
as  many  equidistant  positions  for  the  negative  brush  as  there 
are  poles,  and  the  same  number  of  intermediate  positions  for 
the  positive  brush.  Supposing,  now,  that  we  place  brushes  all 
round  occupying  these  positions,  and  then  see  which  of  these 
brushes  we  can  omit.  Let  us,  for  example,  retain  two  neigh- 
bouring brushes  and  take  away  all  the  others.  This  will  give 
us  the  minimum  distance  between  the  positive  and  negative 
brush,  and  this  must  obviously  be  equal  to  the  angular  distance 
between  neighbouring  poles.  Thus,  in  a  four-pole  machine, 
the  distance  would  be  90  deg.,  in  a  six-pole  machine  60  deg., 
in  an  eight-pole  machine  45  deg.,  and  so  on.  If  we  wish  to 
increase  .this  distance  we  can  advance  one  of  the  brushes  by  an 
amount  corresponding  to  twice  the  polar  angle,  or  four  times 
or  six  times  the  polar  angle.  To  advance  the  brush  by  one, 
three,  or  five  times  the  polar  angle  would  obviously  not  do,  as 
we- should  then  occupy  positions  of  the  same  potential  as  that 
of  the  brush  which  hasjnot  been  moved.  The  advance  of  one 
brush  would,  of  course,  only  be  adopted  if  it  resulted  in  an 
increase  of  distance  between  the  two  brushes.  Thus,  in  a  four- 
pole  machine,  the  advance  through,  say,  twice  the  polar  angle 
would  be  useless,  as  that  would  bring  the  brush  again  within  a 
distance  of  90  deg.  from  the  fixed  brush,  only  on  the  other  side 
of  it.  Similarly,  in  a  six-pole  machine  we  should  advance 
through  twice,  but  not  through  four  times  the  polar  angle,  and 
so  on.  The  angular  distance  between  the  two  brushes  must, 
therefore,  be  an  odd  multiple  of  the  polar  angle.  For  con- 
venience of  reference  the  following  table  is  given  : 


Number  of  Polf§. 

AnguUr  I)  «tn  c« 

betwrea 
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Multipolar  Series  and  Parallel  Winding. 

It  is  possible  to  combine  the  series  and  parallel  method  of 
winding  in  the  same  armature.  For  instance,  we  could  wind 
a  i2-pole  drum  with  three  independent  circuits,  starting  at 
points  60  deg.  or  120  deg.  apart,  each  representing  a  four-pole 
series  winding.  We  could  then  add  a  set  of  internal 
connectors,  joining  the  bars  of  equal  potential.  The 
disadvantages  of  such  an  arrangement  are  that  the  front 
and  back  connectors  become  thrice  as  long  as  with  the 
ordinary  12-pole  series  winding  (spanning  go  deg.  instead  of 
30  deg.),  and  that  the  internal  cross-connections  have  to  be 
added  if  we  wish  to  avoid  the  use  of  12  brushes.  A  better 
way  is  to  wind  the  independent  circuits  side  by  side,  each  in 
the  usual  12-pole  series  manner.  The  front  and  back  con- 
nectors remain  short,  and  no  additional  internal  connectors 
are  required,  provided  we  make  the  two  brushes  wide  enough 
to  each  cover  at  least  as  many  segments  as  there  are 
independent  circuits.  This  method  also  leaves  us  free  to 
choose  as  many  independent  circuits  as  may  be  convenient. 
Better  still  are  combined  series  and  parallel  windings  in  which 
all  the  wires  form  a  single  coil  closed  on  itself,  the  individual 
sections,  however,  being  partly  connected  in  parallel  and 
partly  in  series.  It  would  be  out  of  place  here  to  discuss 
the  theory  of  this  method  of  winding  in  detail.  Let  it  suffice 
for  our  purpose  to  give  the  rule  whereby  the  number  of  bars 
and  pitch  for  these  windings  may  be  determined.  If  a  repre- 
sents half  the  number  of  parallel  circuits  in  the  armature  (in  a 
bipolar  armature,  and  for  multipolar  armatures  with  simple 
series  winding,  a  =  i)  then,  retaining  the  previously  employed 
symbols,  we  obtain 


-  (yt  +  yb )  ±  2  a, 


jf  and  y    being  odd  numbers.     For  a  simple  closed  winding, 
the  values 

Vf  +  Vb       T 

J— S—  ,    — ,    and  a 

2  2 

must  have  no  common  divisor. 
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In  calculating  the  E.M.F.  it  is  to  be  observed  that  in  the 
same  measure  as  the  number  of  the  armature  circuits  increases, 
the  number  of  series-connected  conductors  decreases.  Hence 

for  the  E.M.F.  in  formula  (33)  we  must  write—  instead  of  rr 


The  object  of  employing  a  combined  series  and  parallel 
winding  is  to  obtain  bars  of  convenient  sectional  area. 
Suppose,  for  instance,  we  have  to  design  a  six-pole  machine 
for  1,000  amperes.  If  we  wind  the  armature  in  series,  each 
bar  would  have  to  be  large  enough  to  carry  500  amperes,  and 
the  connections  of  large  bars  are  difficult  to  make.  There 
is,  moreover,  the  difficulty  of  having  to  commute  the 
large  current  of  500  amperes,  sparkless  commutation  being 
the  more  difficult  to  obtain  the  larger  the  current  in  each 
bar,  as  is  shown  in  Chapter  XI.  On  the  other  hand,  if 
we  wind  the  armature  parallel,  we  have-  to  employ  three 
times  as  many  bars  (each  one-third  the  former  section), 
and  to  make  three  times  the  number  of  joints.  The  space 
occupied  by  insulating  material  becomes  larger,  and  the 
armature  more  expensive.  There  is  the  further  danger  of 
internal  currents  and  waste  of  power,  as  previously  explained. 
Neither  method  of  winding  employed  alone  is  in  this  case 
quite  satisfactory,  but  if  we  combine  both  we  can  obtain  a 
perfectly  satisfactory  winding.  Say,  that  to  get  the  required 
E.M.F.  we  want  about  150  bars  on  the  armature.  We  would 
naturally  employ  152  bars,  being  6  x  25  +  2,  but  as  500  amperes 
in  each  bar  is  too  large,  we  double  the  number  of  bars,  and 
thus  reduce  the  current  to  be  commuted  to  250  amperes. 
We  would  thus  have  304  bars,  and  put  these  on  in  two  series- 
windings  ;  one  series  running  : 

304-50-100-150-200-250-300-46-96,  etc. 

and  the  other 

1-51-101-151-201-251-301-47-97,  etc. 

The  brushes  -must  in  this  case  be  wide  enough  to  cover  each 
at  least  two  segments  of  the  commutator. 
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If,  on  the  other  hand,  it  is  desired  to  employ  a  simple  closed 
winding,  we  must  not  make  r=i52,  but  r  =  3O2,  and  the  pitch 
front  and  back  51,  since 

302  =  3  (51 +  51) -4. 

Likewise,  with  this  winding  two  brushes  only  are  necessary, 
but  more  may  be  employed  if  desired. 
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CHAPTER  IX. 

Open-Coil    Armatures:     The    Siemens     H     Armature       The 
Brush  Armature— The  Thomson  =  Houston  Armature. 

Open-Coil  Armatures  :  The  Siemens   H  Armature. 

The    simplest    example   of   an    open-coil    armature,'    is    the 
so-called    shuttle- wound    armature    represented    in     Fig.   49. 


It  consists  of  a  cylindrical  iron  core,  in  which  two  grooves 
are  planed  out  for  the  reception  of  a  coil,  the  ends  of 
which  are  attached  to  the  two  semicircular  segments  of 
a  commutator.  In  the  figure  the  wires  are  shown  passing- 
behind  the  commutator,  though  in  armatures  as  actually 
made  they  must,  of  course,  be  grouped  to  the  right  and 
left  of  it  to  make  room  for  the  hub  of  the  commutator 
and  the  spindle  of  the  armature.  In  the  position  shown, 
when  the  maximum  number  of  lines  of  force  passes 
through  the  coil,  the  E.M.F.  is  zero,  and  the  brushes  short- 
circuit  the  two  sections  of  the  commutator.  As  the  armature 
revolves,  the  flux  through  the  coil  diminishes  until  it  is  zero, 
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when  the  armature  occupies  a  position  at  right  angles  to  that 
shown,  and  the  E.M.F.  has  attained  its  maximum  value,  and 
then  the  flux  increases  again  to  a  maximum,  whilst  the  E.M.F. 
decreases  to  zero.  Owing  to  the  action  of  the  commutator, 
the  connection  between  the  external  circuit  and  the  coil  is 
reversed  each  time  that  the  E.M.F.  in  the  latter  is  reversed, 
so  that  the  direction  of  E.M.F.  in  the  external  circuit  remains 
the  same,  though  the  E.M.F,  changes  or  pulsates  between 
.zero  and  a  maximum.  If  we  represent  the  E.M.F.  as  a 
function  of  the  time,  or  the  angular  position  of  the  armature, 


50. 


we  obtain  a  curve  as  shown  in  Fig.  50  by  the  full  line.  Had 
the  armature  been  provided  with  two  contact  rings,  instead  of 
a  two-part  commutator,  the  E.M.F.  at  the  brushes,  which  are 
the  terminals  of  the  external  circuit,  and,  therefore,  the  current 
in  the  latter,  would  have  been  alternating,  as  shown  by 
the  full  and  dotted  curve  in  Fig.  50.  The  part  of  this  curve 
above  the  horizontal  is  the  same  as  before,  but  every  alter- 
nate impulse  is  now  negative.  By  using  a  commutator  we 
obtain  impulses  which  are  all  in  the  same  direction,  and  this 
holds  good,  not  only  for  the  shuttle-wound  armature, 
but  for  other  types.  We  could,  for  instance,  wind 
the  coil  over  a  portion  of  a  ring-shaped  core,  as  shown  in 

ii 
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Fig.  51 ;  but  in  this  arrangement  only  one  side  of  the  ring 
is  active,  and  it  would  obviously  be  an  improvement  to  place 
a  coil  also  on  the  opposite  side  of  the  ring,  as  shown  in 


FIG.  51. 

Fig.  52.  The  twojcoils  must,  of  course,  be  coupled  in  series 
by  having  their  inner  ends  joined  across  and  their  outer  ends 
each  to  one  section  of  the  commutator.  This  armature  is 
electrically  equivalent  to  that  shown  in  Fig.  49,  though 


FIG.   52. 

mechanically  it  is  an  improvement  over  the  shuttle  typer 
because  the  winding  support  and  insulation  of  the  coils  are 
easier  and  the  armature  is  ventilated.  The  current,  will, 
however,  be  equally  pulsating  as  that  from  the  shuttle-type 
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armature.  A  current  fluctuating  as  much  as  shown  in  Fig.  50 
would  be  useless  for  lighting  purposes,  and  would  also,  by 
virtue  of  the  self-induction  in  the  various  portions  of  the 
circuit,  cause  severe  strains  on  the  insulation. 

The  question  therefore  is,  how  can  we  prevent  the  E.M.F. 
from  fluctuating  between  such  wide  limits  ?  Starting  from 
the  position  shown  in  Fig.  52,  and  calling  it  o  in  the  diagram 
Fig-  53>  we  find  that  when  the  armature  has  turned  through 
go  deg.  we  get  the  first  maximum  of  E.M.F.,  we  get  zero 
again  at  180  deg.,  the  second  maximum  at  270  deg.,  and 
so  on.  Thus  the  best  action  will  be  within  the  limits  of 
about  45  deg.  and  135  deg.,  and  225  deg.  and  315  deg. 


respectively,  corresponding  to  the  parts  of  the  curve  shown 
by  thicker  lines.  If,  then,  we  wish  to  avoid  too  great  a 
fluctuation  in  the  E.M.F.,  we  would  have  to  utilise  only 
that  part  of  the  E.M.F.  curve  in  Fig.  53  which  lies  above 
the  line  y  y.  This  can  be  done  by  reducing  the  length  of 
the  segments  on  the  commutator  from  180  deg.  to  90  deg., 
but  now  a  new  difficulty  crops  up.  It  is  true  that  during 
the  time  that  the  brushes  make  contact  with  the  segments 
of  the  commutator  the  E.M.F.  does  not  vary  as  much  as 
before,  but  the  contact  is  totally  interrupted  twice  in  each 
revolution,  so  that  as  regards  continuity  of  current  we  are 
now  really  worse  off  than  before.  The  remedy  is,  however, 
simple.  We  need  only  put  another  pair  of  coils  on  the  ring 

n* 
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at  right  angles  to  the  first  pair,  and  another  commutator  side 
by  side  with  the  first.  Then,  if  we  make  the  brushes  wide 
enough  to  cover  both  commutators,  the  current  can  never  be 
interrupted,  because  as  the  segment  of  one  commutator  leaves 
the  brush  the  corresponding  segment  of  the  other  commutator 
begins  to  make  contact.  The  second  pair  of  coils  serves  to 
bridge  over  the  break  between  /  and  a  and  c  and  d 
(Fig.  53).  The  winding  is  shown  in  Fig.  54,  but  for  clear- 
ness of  illustration  the  segments  of  the  two  commutators 
are  shown  as  concentric  circles.  The  E.M.F.  curve  of  the 


pair  of  coils  marked  i  i  is  shown  in  Fig.  53  by  the  full 
line,  that  of  the  other  pair  of  coils,  marked  2  2,  by  the 
dotted  line.  The  resultant  E.M.F.  is  therefore  repre- 
sented by  the  curve  e  a  b  c  V  d  e  f.  There  is  yet  another 
slight  improvement  possible.  We  have  assumed  that  each 
segment  of  the  commutator  is  only  go  deg.,  or  little 
more  than  go  deg.,  long  to  ensure  continuity  of  contact. 
The  brushes  would,  therefore,  have  to  rub  alternately  over 
insulating  material  and  over  metal.  This  would  cause  unequal 
wear  and  jumping  of  brushes.  To  avoid  this  defect,  we  can 
provide  each  segment  with  an  extension  projecting  into  the 
space  between  the  two  neighbouring  segments,  and  thus 
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reduce  the  width  of  the  insulation  so  much  that  the  brushes 
rub  only  on  metal,  as  is  shown  diagrammatically  in  Fig.  55. 

The  Brush  Armature. 

The  construction  of  armature  at  which  we  have  here  arrived 
is  that  of  the  well-known  Brush  dynamo.  It  is,  of  course, 
possible  to  double  or  treble  the  number  of  coils  and  com- 
mutators, thus  making  an  eight-coil  or  twelve-coil  armature. 
The  different  sets  of  four  coils  are  in  this  case  coupled  in 
series  by  the  brush  connections,  and  thus  a  greater  degree 
of  uniformity  of  E.M.F.  is  obtained.  Fig.  56  shows  diagram- 


FIG.    55. 

matically  the  winding  and  coupling  up  of  an  eight-coil  Brush 
armature. 

The  two  sets  of  coils  are  marked  i  i',  3  3',  and  2  2',  4  4', 
respectively,  but  the  cross-connections  are  omitted  to  avoid 
complication  of  drawing.  The  commutators  are  shown,  as 
before,  arranged  in  concentric  circles,  though  in  reality  they 
are  placed  side  by  side.  If  the  current  in  the  armature  coils 
had  no  magnetic  effect  on  the  armature  core  the  diameter 
of  commutation  would  be  vertical,  and  the  flux  through  i 
and  i'  would,  in  the  position  shown,  be  a  maximum.  But  the 
current  in  the  armature  produces  a  flux  of  its  own,  which  is 
superimposed  upon  the  flux  emanating  from  the  field  magnets, 
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and  by  following  the  direction  of  the  currents  it  is  easy  to  see 
that  the  resultant  flux  within  the  core  becomes  a  maximum  at 
some  place  to  the  left  of  coil  I  and  to  the  right  of  coil  i'.  The 
true  diameter  of  commutation  will,  therefore,  not  be  Vertical, 
but  inclined  in  the  sense  of  rotation.  Consequently  the 
E.M.F.  in  coils  4  4'  will  be  either  zero  or  very  feeble,  whilst 
it  will  be  a  maximum  in  coils  2  2'.  In  the  other  coils  the 
E.M.F.  will  have  an  intermediate  value.  The  current  enters 
at  the  brush  marked  -  Bls  which  at  the  moment  touches  only 
the  central  portion  of  the  segment  belonging  to  coil  2'.  There 
is  thus  only  one  path  open  to  the  current — namely,  through  2', 


FIG.   56. 


then  across  to  coil  2,  and  out  by  the  brush  +  B2.  From  here 
the  current  flows  by  an  external  wire  to  brush  Bs,  which 
touches  simultaneously  two  commutator  segments — namely, 
those  belonging  to  coils  3  and  i'.  The  current  splits  between 
these  coils,  and  the  two  branches,  after  passing  through  3' and  i, 
finally  unite  again  and  leave  the  armature  at  the  brush  B4. 
From  here  the  current  is  led  round  the  field  magnets  as 
shown,  and  to  the  external  circuit  by  the  terminal  +  T.  By 
this  arrangement  the  coils  of  weakest  action  are  entirely  cut 
out,  those  of  medium  action  are  coupled  in  parallel-series,  and 
those  of  strongest  action  in  single  series,  each  coil  entering  and 
leaving  the  circuit  twice  per  revolution,  thus : 
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,2'-2  . 
-4  -4'- 


4  -   4' 


2  - 


.3  -3' 


,1  -I!. 

-3  -3'- 


-3  -3 


4  and  4'  out. 

1  and  1' out. 

2  and  2' out. 

3  and  3'  out. 

...  4  and  4'  out 


For   clearness   of  illustration,   the    magnet    poles   have   been 
shown  with  cylindrical  faces,  but,  in  reality,  as  the  armature 


FIG.    157. 

is  a  short  flat  ring,  the  magnets  are  set  with  their  axes  parallel 
to  the  spindle  on  either  side  of  the  armature. 

The  Thomson=Houston  Armature. 

Fig-  57  shows  another  type  of  open-coil  armature.  It  is 
that  employed  by  Profs.  Thomson  and  Houston  in  the  arc- 
light  machine  which  bears  their  name.  As  actually  made,  the 
armature  belongs  to  the  drum  type,  though  spherical  in  shape, 
but  for  clearness  of  illustration  the  armature  is  shown  as  a 
ring  in  the  diagram.  We  have  here  only  three  coils,  the  inner 
ends  of  which  are  connected  together  at  o,  whilst  the  outer 
ends  are  connected  each  to  the  corresponding  segment  of  a 
three-part  commutator.  In  the  position  shown,  coil  D  has 
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the  maximum  of  E.M.F.  generated  in  it,  coil  C  has  less,  and 
coil  A  has  very  little  or  none  at  all.  If  the  current  were 
allowed  to  pass  through  the  latter  coil  when  it  occupies  the 
position  as  shown,  the  coil  would  add  nothing  to  the  E.M.F.r 
but  absorb  some  E.M.F.  by  reason  of  its  resistance.  Th^ 
brushes  are,  therefore,  so  set  that  the  coil  of  weakest  action 
is  always  cut  out  of  circuit,  the  current  passing  through  the 
other  two  coils  in  series.  The  diagram  shows  the  armature 
in  the  position  when  the  positive  brush  has  just  left  the 
segment  a.  A  moment  before,  coils  A  and  C  were  in  parallel. 
Now,  A  will  remain  out  of  circuit  during  a  sixth  part  of  a 
revolution,  and  then  it  will  come  into  parallel  with  D,  but 
only  for  an  instant  —  namely,  whilst  the  negative  brush 
bridges  the  sections  a  and  d.  Then  D  will  be  cut  out 
and  A  will  advance  into  the  position  of  maximum  action, 
while  C  will  begin  to  recede  from  that  position  on  the 
other  side,  and  so  on.  During  one  revolution  each  coil  is 
twice  in  circuit  for  a  third  of  a  revolution,  and  twice  out 
of  circuit  for  a  sixth  of  a  revolution.  If  the  thickness 
of  the  brushes  is  only  sufficient  to  bridge  the  gap  between 
two  commutator  sections,  the  parallel  grouping  of  any  two 
coils  is  only  momentary,  and  this  would  obviously  be  inad- 
missible. The  current  would  in  this  case  have  to  change 
instantly,  and  heavy  sparking  would  result.  To  avoid 
sparking,  it  is  essential  that  each  coil  should,  so  to  speak, 
be  gradually  prepared  for  its  withdrawal  from  the  circuit  by 
being  left  for  an  appreciable  time  in  parallel  with  another 
and,  for  the  time,  stronger  coil.  Thus  coil  A  must,  before 
reaching  the  position  indicated,  remain  for  some  time  in 
parallel  with  coil  C.  The  E.M.F.  in  A  is  then  directed 
towards  the  section  a,  but  is  growing  weaker;  the  E.M.F, 
in  C  is  directed  towards  c  (in  parallel  with  a),  but  is  growing 
stronger;  so  that  A  will  eventually  overpower  C,  and  stop 
its  current  at  about  the  moment  when  a  passes  from  under 
the  brush,  and  there  will  be  but  little  sparking.  In  order, 
however,  to  obtain  this  action  it  is  necessary  to  prolong  the 
time  of  parallel  grouping,  and  that  is  done  by  employing  two- 
brushes  on  each  side,  connected  together,  but  set  one  with 
a  certain  angular  advance  upon  the  other.  By  increasing  the 
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angle  (shifting  the  leading  brush  forward  and  the  trailing  brush 
backward),  the  time  during  which  a  weak  coil  is  in  parallel 
with  a  strong  coil  can  be  increased,  with  the  result  of 
decreasing  the  joint  E.M.F.  of  these  coils.  The  E.M.F.  of 
the  machine  may  thus  be  regulated  within  wide  limits  by  a 
suitable  displacement  of  the  brushes. 


170  DYNAMOS,    ALTERNATORS, 


CHAPTER  X. 

Field  Magnets— Two -Pole  Fields— Multipolar  Fields     Weight 
of  Fields —Determination  of   Exciting  Power—Predetermina- 
tion of  Characteristics. 

Field  Magnets. 

The  magnetic  field  within  which  the  armature  revolves  may 
be  produced  either  by  the  use  of  permanent  steel  magnets  or 
electromagnets.  The  former  are  not  so  effective  as  the  latter, 
and  are  only  used  in  exceptional  cases,  notably  in  the  older 
forms  of  machines  for  lighthouses  and  in  very  small  dynamos, 
where  simplicity  of  construction  is  of  more  importance  than 
small  weight — such  as  mine  exploders,  medical  machines, 
signalling  apparatus,  and  machines  for  laboratory  work. 
There  is,  besides  simplicity,  a  further  reason  for  using  per- 
manent steel  magnets  in  preference  to  electromagnets  for  very 
small  machines,  and  this  is  that  the  energy  required  for 
exciting  the  magnets  becomes  inordinately  great  when  the  size 
of  the  machine  is  reduced  beyond  a  certain  limit,  as  will  be 
shown  later  on.  Machines  with  permanent  steel  magnets  are 
known  under  the  name  of  "  magneto  machines,"  whilst  the 
term  "  dynamos  "  is  more  particularly  applied  to  machines  in 
which  the  field  is  produced  by  electromagnets.  Since  magneto 
machines  have  only  a  very  limited  sphere  of  application,  we 
pass  at  once  to  the  consideration  of  the  field  magnets  of 
dynamos.  The  number  of  types  of  field  magnets  which  have 
been  used  or  proposed  for  dynamos  is  exceedingly  great,  but 
the  difference  between  many  of  these  is  more  apparent  than 
real.  It  will  therefore  be  best  not  to  attempt  to  give  a 
complete  list  of  all  the  various  designs  of  magnets,  but  rather 
select  a  few  representative  types  for  purposes  of  comparison. 
In  any  electromagnet  we  have  to  distinguish  between  two 
circuits,  the  electric  and  the  magnetic.  These  two  must 
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be  interlinked,  so  that  the  current  through  the  electric 
circuit  may  produce  a  flux  of  lines  of  force  through  the 
magnetic  circuit,  and  the  difference  in  type  of  dynamo  field 
magnets  is  due  to  the  more  or  less  suitable  arrangement  of 
these  two  circuits. 

Two=PoIe  Fields. 

The  most  simple  arrangement  is  that  shown  in  Fig.  23, 
Chapter  V.  Here  we  have  a  coil  of  wire,  W,  interlaced  with 
a  ring  of  iron,  R,  cut  open  at  G.  If  the  gap,  G,  be  made  of 
cylindrical  or  tunnel-like  shape,  it  may  receive  a  cylindrical 
armature,  and  thus  Fig.  23  may  be  considered  as  representing 
the  field  magnet  of  a  dynamo  machine,  but  on  the  whole  not 
a  good  arrangement.  In  the  first  place,  the  length  of  wire  in 
the  coil  is  unnecessarily  large,  and  this  can  be  reduced  by 
lapping  the  wire  more  closely  round  the  iron  ring,  and 
spreading  it  over  a  greater  portion  of  it.  In  the  next  place, 
the  curved  form  of  magnet  is  bad  from  a  practical  point  of 
view,  partly  because  a  forging  of  this  kind  is  difficult  to 
produce  and  to  fix  in  the  frame  of  the  machine,  and  partly 
because  it  cannot  be  wound  in  the  lathe.  It  has  been  shown 
in  Chapter  V.  that  neither  the  shape  of  the  core  nor  the 
disposition  of  the  exciting  wire  have  a  direct  influence  on  the 
magnetic  flux  produced  by  a  given  exciting  power,  and  we 
are  therefore  free  to  alter  the  shape  and  arrangement  of  the 
magnetic  and  electric  circuits  in  such  manner  as  may  be 
convenient.  Instead  of  a  hank  of  wire,  we  may  thus  use  a 
cylindrical  coil  wound  on  a  former  in  a  lathe ;  and  instead 
of  the  curved  iron  core,  we  may  use  a  core  consisting  of 
straight  pieces,  which  are  more  easily  forged,  machined,  and 
put  together.  We  may  also  make  the  pole-pieces  detachable 
from  the  magnet  core  proper,  if  by  doing  so  we  obtain  some 
advantage  as  regards  manufacture ;  but  in  this  case  we  must 
take  care  to  fit  the  different  parts  of  the  magnetic  circuit 
properly  together,  so  as  not  to  impede  the  flow  of  lines  when 
it  passes  from  one  part  to  the  next.  In  this  way  we  arrive 
at  something  like  the  design  shown  in  Fig.  58a.  M  is  a 
straight  cylindrical  magnet  core  of  wrought  iron  shouldered 
into  the  cast-iron  pole-pieces,  P  P,  and  C  is  the  exciting 
coil. 
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It   will    be    seen    at   a   glance    that    this    arrangement    is 
electrically   and    magnetically   equivalent    to    that   shown    in 


FIG.  58. 


Fig.   23,   but   mechanically  it  is  a  great   improvement.     The 
design   is  simple  and    substantial,   all   the  machining  can  be 
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done  on  a  lathe  or  boring  machine,  and  the  coil  may  be 
wound  on  a  separate  frame  and  slipped  on  when  the  machine 
is  put  together.  This  winding  of  magnet  coils  separately  is 
important  not  only  because  of  facility  for  repairs,  but  chiefly 
because  it  is  possible  to  keep  the  electrical  and  the  mechanical 
part  of  the  work  in  distinct  departments.  If  the  coil  is  wound 
directly  upon  the  magnet  core  a  much  greater  weight  has  to 
be  handled,  a-nd  there  is  a  risk  of  the  insulation  being  injured 
by  metal  chips  or  filings,  which  are  necessarily  present  in  a 
shop  where  machine  tools  are  at  work  and  fitting  is  going 
on.  For  this  reason  it  is  best  to  do  the  winding  and  other 
electrical  work  in  a  separate  shop. 

The  design  of  magnet  shown  in  Fig.  58a,  although,  as 
already  stated,  perfectly  practical,  is  still  capable  of  improve- 
ment in  two  ways.  In  the  first  place,  the  magnet  being 
on  one  side  of  the  armature,  the  field  is  slightly  unsym- 
metrical,  and  in  the  next  place  the  arrangement  is  very 
heavy.  Both  of  these  defects  can  be  remedied  by 
duplicating  the  magnetic  circuit,  as  shown  in  Fig.  58b. 
We  require  now  two  exciting  coils  and  more  wire,  but 
we  obtain  on  the  whole  a  lighter  machine,  and  one  in 
which  the  field  is  perfectly  symmetrical. 

The  field  magnet  (Fig.  58a)  has  another  defect,  inasmuch  as 
the  coil  is  short,  and  has,  therefore,  only  a  small  external 
surface  through  which  the  heat  generated  by  the  passage  of 
the  current  can  escape.  Practical  experience  has  shown  that 
for  every  watt  absorbed  by  the  resistance  of  the  coil  there  must 
be  provided  a  certain  area  of  cooling  surface,  if  the  tempera- 
ture of  the  coil  is  to  be  kept  down  to  a  safe  limit.  Authorities 
differ  as  to  the  exact  number  of  square  inches  of  cooling 
surface  required  per  watt  of  energy  dissipated,  and  it  is 
obviously  impossible  to  lay  down  a  hard-and-fast  rule,  as  the 
disposition  of  the  machine,  with  regard  to  the  fanning  action 
of  the  armature  and  the  locality  where  the  machine  is  used, 
must  necessarily  influence  the  rate  at  which  the  coil  can 
dissipate  heat,  but,  generally  speaking,  the  cooling  surface 
should  not  be  less  than  i  square  inch  and  need  not  be  more 
than  4  square  inches  per  watt. 

The  rise  of  temperature,  t,  in  the  field  magnet   measured 
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in  Centigrade  degrees  may  be  determined  approximately  from 
the  formula 


where  a  represents  the  quotient  obtained  by  dividing  the 
outer  surface  of  the  field-magnet  coils  expressed  in  square 
centimetres  by  the  electrical  energy  consumed  in  the  coils 
expressed  in  watts.  If  the  coils  and  field  magnet  are  so 
designed  that  there  are  air-spaces  between  them,  we  must 
insert  280,  instead  of  320,  in  the  above  formula.  The 
temperature  rise  in  the  coils  should  in  no  case  exceed 
40  deg.  It  may  be  mentioned  here  that  the  rise  of 
temperature  in  the  armature  can  be  determined  from  the 
formula 

t  =  -  .         550 
a     i  +  o  .  i  v 

where  v  represents  the  peripheral  speed  of  the  armature  in 
feet  per  second.  To  determine  the  value  of  a,  we  have 
simply  to  insert  the  area  of  the  outer  side  and  end  surfaces 
of  the  armature. 

To  prevent  the  coil  in  Fig.  58a  from  becoming  too 
hot,  we  must,  therefore,  either  increase  its  external  surface 
by  making  it  longer  and  shallower,  or  we  must  put 
more  copper  into  it.  The  first  expedient  is  of  doubtful 
value,  as  it  leads  to  a  much  heavier  field,  and  the 
second  is  expensive.  We  can,  however,  alter  the  design 
altogether  so  as  to  obtain  enough  cooling  surface  without 
increasing  the  weight  of  the  field.  We  need  only  treat  the 
part  marked  M  as  the  yoke  and  put  coils  on  the  two  limbs 
marked  P  P  in  Fig.  58a.  In  this  way  we  obtain  the  design 
shown  in  Fig.  58c,  which  is  a  very  favourite  type.  By  putting 
two  exciting  coils  on  the  magnet  limbs,  M  M,  we  have  not 
only  increased  the  cooling  surface,  but  have  also  materially 
decreased  the  whole  weight  of  the  machine. 

This  design  is  known  as  the  "overtype"  field.  By  reversing 
it,  that  is,  putting  the  armature  below  and  the  yoke,  Y,  at  the 
top,  we  get  the  "  undertype  "  field,  which  is  also  much  in  use,. 
and  is  specially  adapted  for  direct-driven  machines,  where  it 


AND    TRANSFORMERS.  175 

is  important  to  get  the  spindle  low  down  to  correspond 
with  the  position  of  the  engine  shaft.  In  this  case  the 
machine  is  supported  from  its  pole-pieces  by  brackets  or 
packing  pieces  of  non-magnetic  material.  In  the  overtype 
these  pieces  are  not  required,  and  the  yoke  may  be  either 
bolted  direct  to  the  bed-plate  or  may  be  cast  in  one  piece 
with  it. 

This  type  of  field,  although  lighter  than  the  previously 
described  types,  is  still  rather  heavy  if  the  diameter  of  the 
armature  is  large  in  comparison  with  its  length.  If  such  an 
armature  must  be  employed,  and  if  it  is  important  to  save 
weight,  we  may  duplicate  the  field,  and  thus  we  obtain  the 
type  shown  in  Fig.  58d.  This  contains  less  iron  than  the 
overtype  field,  but  more  copper ;  and,  although  on  the  whole 
it  is  considerably  lighter,  it  is  also  more  expensive. 

Figs.  586  and  58f  show  fields  of  the  "  iron-clad "  type. 
Their  characteristic  feature  is  that  the  yokes  surround  the 
magnets  completely.  There  is  consequently  no  stray  magnetic 
field.  Fig.  586  is  very  heavy,  but  requires  little  wire,  whilst 
Fig.  58f  is  not  quite  so  heavy,  but  requires  more  wire. 

To  give  at  a  glance  an  approximate  idea  of  the  amount  of 
copper  required  in  each  type  of  field,  the  space  occupied  by 
the  coils  is  shown  in  black.  The  fields  are  all  designed  to 
take  the  same  size  of  armature  —  namely,  a  drum  12  in. 
diameter  by  15  in.  long. 

Multipolar  Fields. 

An  example  of  a  multipolar  field  has  already  been  given  in 
Fig.  2,  Chapter  I.  This  is  the  double  four-pole  magnet  used 
by  the  Brush  Company  in  their  "Victoria"  dynamo.  The 
armature  is  a  ring  of  large  diameter  as  compared  to  its  length,, 
and  the  poles  are  presented  to  the  end  faces  from  either  side. 
We  require  thus  eight  magnet  cores  with  their  axes  parallel  to 
the  spindle — four  on  either  side.  The  outer  ends  of  the  cores 
are  jointed  by  two  massive  cast-iron  yokes.  Fields  of  this 
type  are  frequently  used  in  alternators. 

In  machines  with  cylindrical  armatures  (whether  dynamos 
or  alternators)  the  pole  -  pieces  are  necessarily  parts  of  a 
cylindrical  surface,  and  the  axes  of  the  magnet  cores  are 
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generally  at  right  angles  to  the  spindle.  Any  multipolar 
field  may  be  considered  as  a  combination  of  bipolar  fields. 
Thus,  by  taking  two  fields  of  the  type  58c,  we  can  produce 
a  four-pole  field  of  the  type  59.  In  a  similar  way  Fig.  60 


FIG.  59. 

may  be  considered  to  result  from  Fig.  586,  if  we  increase  the 
curvature  of  the  yoke  so  as  to  get  room  for  another  pair  of 
magnets.  The  coupling-up  of  the  coils  must  in  this  case  be 
reversed,  so  that  diametrically  opposed  poles  have  the  same, 
and  neighbouring  poles  the  opposite,  sign.  By  duplicating 


FIG.  60. 


Fig.  58f,  we  obtain  the  field  shown  in  Fig.  61.  In  this  design 
four  poles  are  produced  by  the  use  of  only  two  exciting  coils. 
Fig.  62  may  be  considered  to  result  from  the  combination  of 
four  fields  of  the  type  shown  in  Fig.  58a.  If  a  field  of  more 
than  four  poles  be  required,  we  may  produce  it  by  combining 
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three  or  more  fields  of  the  580  type ;  but  this  presents  con- 
siderable mechanical  difficulties  in  supporting  the  magnets, 
and  is  also,  for  other  reasons,  less  advantageous  than  an 
expansion  of  the  arrangement  (Fig.  60)  which  is  shown  in 
Fig.  63  as  applied  to  a  lo-pole  machine.  Fig.  62  may  also  be 
expanded  into  a  field  of  six,  eight,  or  more  poles,  and  is  with 
Continental  makers  a  favourite  type.  Another  type  exclusively 
used  on  the  Continent  is  the  reverse  of  Fig.  60,  the  poles 
being  placed  inside  the  armature,  which  must  in  this  case 
be  overhung,  the  active  conductors  bein^r  on  the  inside.^ 


FIG    62 

Fig.  64  shows  a  lo-pole  field  of  this  kind.  To  give  an  idea 
of  the  relative  weight  of  armature  in  Figs.  63  and  64,  the 
outlines  of  the  armature  core  have  been  inserted  in  the 
diagrams,  which  represent  machines  of  equal  output  and 
equal  speed.  The  field  of  Fig.  64  is  about  half  the  weight 
of  Fig.  63,  but  this  advantage  is  bought  at  the  cost  of  a  more 
difficult  mechanical  construction,  both  as  regards  the  support 
of  the  armature  core  and  the  positive  driving  of  the  armature 
conductors. 

There  is  no  hard-and  fast  rule  by  which  we  can  judge  the 
merit  or  otherwise  of  any  of  these  types  of  field.     The  voltage,. 
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size,  and  speed  of  the  machine,  the  greater  or  less  importance 
of  small  weight,  the  possibility  of  obtaining  soft-steel  castings, 
the  relative  cost  of  copper  and  iron,  the  energy  permitted  for 
excitation,  the  temperature  rise  allowed,  and,  last,  but  not 
least,  the  skill  of  the  designer,  are  all  items  on  which  the 
value  of  any  type  depends ;  but,  as  a  general  guide,  a  few  facts 
may  here  be  usefully  stated.  If  pole-plates  are  used  with 
Fig.  59,  whereby  it  is  possible  to  make  the  section  of  magnets 
not  too  much  different  from  a  square,  or  if  the  armature  is 


FIG.  63. 

fairly  short,  whereby  the  magnets'  section  naturally  approaches 
a  square,  the  amount  of  exciting  wire  required  is  not  excessive, 
and  the  total  weight  of  field  is  very  moderate.  As  far  as  iron 
and  copper  are  concerned,  this  type  of  field  is  fairly  cheap, 
but  the  mechanical  support  of  the  magnets  is  somewhat 
expensive  because  it  must  be  formed  entirely  of  gunmetal 
brackets  or  chairs.  Another  drawback  is  that  there  is  little 
ventilation  for  the  armature  and  less  for  the  inside  of  the  field 
•coils,  so  that  the  heating  will  be  greater  than  in  machines 
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of  less  compact  design.  Fig.  60  requires  the  same  amount  of 
magnet  wire  or  possibly  a  little  less  than  Fig.  59,  but  the 
whole  field  is  much  heavier  if  the  yoke  be  made  of  cast  iron. 
If  the  yoke  be  made  of  soft  cast  steel  it  need  only  be  from 
one-half  to  one-third  the  section  of  the  cast-iron  yoke,  and 
then  Fig.  60  becomes  lighter  than  Fig.  59.  There  is  the 
further  advantage  that  no  gunmetal  supports  are  required, 
the  field  being  of  the  iron-clad  type.  The  whole  design  is 
more  open  than  Fig.  59,  and  the  ventilation  of  armature  and 
magnet  coils  is  better.  A  further  advantage  possessed  by  this 


FIG.  64. 

type  of  magnet  consists  in  that  there  is  practically  no  stray  field, 
a  matter  of  considerable  importance,  especially  in  machines  for 
shiplighting. 

Fig.  61  is  a  very  simple  design,  and  requires  about  the  same 
amount  of  copper  as  Figs.  59  and  60 ;  it  is,  however,  very 
heavy  if  cast  iron  be  used  for  the  yoke.  With  cast  steel  the 
weight  may  be  brought  down  to  less  than  either  of  the 
previous  designs,  especially  in  small  machines.  The  fact  of 
the  armature  and  field  coils  being  protected  by  the  sur- 
rounding yoke  renders  this  design  suitable  for  machines 
which  are  exposed  to  rough  usage,  such  as  tramway  motors. 
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Machines  of  this  type  have  also  been  used  for  shiplighting, 
where  an  iron-clad  field  has  the  advantage  of  not  disturbing 
the  compasses.  The  field  shown  in  Fig.  62  is  heavy  and 
expensive.  It  requires  gunmetal  supports  and  rather  more 
wire  than  Fig.  59,  but  the  cooling  surface  of  the  coils  is  large 
and  the  ventilation  very  good.  This  type  was  formerly  used 
for  multipolar  machines  of  the  Edison  central-station  type. 
Now,  even  in  American  central  stations,  the  type  Fig.  63, 
originally  introduced  in  Germany,  is  employed.  As  an  example 
of  type  Fig.  62,  a  generator  of  300  kw.  (2,400  amperes  at 
125  volts)  used  for  the  distribution  of  electrical  energy  tor 
motive  power  throughout  a  small-arms  factory  near  Liege 
may  be  given.  In  this  machine,  which  is  more  remarkable 
for  its  dimensions  than  its  output,  the  armature  is  I5ft.  gin. 
diameter,  and  the  field  has  20  poles.  The  magnet  cores  and 
poles  are  of  soft  cast  steel  and  weigh  10  tons,  whilst  2  tons 
of  exciting  wire  are  used.  The  speed  of  the  machine  (which 
is  direct  driven  by  a  Van  der  Kerchove  engine)  is  166  revo- 
lutions per  minute,  giving  the  armature  the  remarkably  high 
peripheral  speed  of  over  8,000  ft.  per  minute.  At  this  speed 
the  weight  of  field  is  about  90  Ib.  per  kilowatt  output.  In 
machines  of  the  type  Fig.  59,  the  weight  of  field  is  under 
100  Ib.  per  kilowatt  for  a  peripheral  speed  of  armature  of 
2,000  ft.  per  minute.  This  is  three  and  a  half  times  better 
than  the  condition  of  the  Liege  machine,  the  field  of  which  is- 
of  the  type  shown  in  Fig.  63,  but  expanded  to  20  poles. 

Weight  of  Fields. 

A  rough  comparison  of  the  different  types  of  field  as  regards 
their  weight  has  been  made  above,  but  in  order  to  bring  this 
important  matter  more  clearly  into  view,  it  appeared  to  me 
desirable  to  give  the  reader  some  examples  actually  worked 
out,  so  that  he  could  compare  figures  rather  than  mere  general 
statements.  The  figures  given  refer,  of  course,  only  to  the 
particular  cases  selected,  and  their  relative  value  would  come 
out  differently  if  we  made  the  designs  for  a  larger  or  smaller 
output,  or  a  different  speed  or  different  armatures.  In  order 
to  get  representative  figures  it  was,  therefore,  necessary 
to  select  fairly  representative  cases,  and  I  have  chosen  for 
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two-pole  machines  an  output  of  25  kw.,  at  550  revolutions, 
as  being  about  midway  in  the  range  of  output  and  speed  for 
which  two-pole  machines  would  usually  be  adopted.  The 
armatures  are  12  in.  diameter  by  15  in.  long,  and  have, 
therefore,  a  peripheral  speed  of  1,730  ft.'  In  two  cases  the 
armatures  are  15  in.  by  15  in.,  and  have  a  peripheral  speed  of 
2,150  ft.  For  the  fields  having  four  poles  I  have  chosen 
an  output  of  80  kw.,  at  a  speed  of  380  revolutions,  as  being 
fair  average  conditions  for  which  four-pole  machines  would 
be  employed.  These  armatures  are  in  all  cases  24  in.  diameter 
by  20  in.  long,  and  have  a  peripheral  speed  of  2,380  ft. 


FIG.  65. 


FIG.  66. 


Before  giving  the  results  of  this  investigation  it  is  necessary 
to  say  a  few  words  on  the  methods  employed  in  designing 
the  fields.  The  laws  which  govern  the  amount  of  exciting 
power  or  ampere-turns  for  any  given  configuration  of  magnets, 
will  be  found  below  in  this  and  the  next  chapter.  For  the 
present  it  is  only  necessary  to  state  that  these  laws  have  been 
followed  in  determining  the  amount  of  field  wire  required, 
and  that  due  regard  has  been  paid  to  armature  reaction  (see 
Chapter  XL),  heating  limit,  and  percentage  of  exciting  energy. 
Where  advisable,  pole-horns  or  pole-plates  have  been  added 
to  reduce  exciting  power  or  length  of  wire  ;  and  in  two 
cases  (Figs.  65  and  66)  the  poles  have  been  cut  so  as 
to  reduce  armature  reaction  and  permit  the  use  of  a  lighter 
field.  The  armature  in  these  two  cases  has  been  increased  to 
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15  in.,  and  is,  of  course,  heavier  and  more  expensive  than  the 
i2-in.  armature  which  is  used  throughout  the  other  two-pole 
fields.  In  all  the  two-pole  machines  the  armature  is  designed 
for  a  copper  loss  of  3f  per  cent.  Precisely  the  same  armature 
(24  in.  diameter  by*  20  in.  long)  is  used  in  all  the  four-pole 
fields,  and  it  has  been  designed  for  a  copper  loss  of  2 £  per  cent. 
As  regards  the  copper  loss  in  the  fields,  this  has  been  limited 
to  3^  per  cent,  in  the  two-pole  and  to  2  per  cent,  in  the  four- 
pole  fields,  except  in  those  cases  where  the  heating  limit  made 
it  desirable  to  work  with  a  smaller  expenditure  of  power  in 
the  field.  The  temperature  rise  has  been  determined  in  every 
case,  and  will  be  found  in  the  next  table.  The  weights  given 

FIELD  MAGNETS  FOR  TWO-POLE   MACHINES. — 25  kw.  output, 
550  revolutions. 


Type  of  Field.         Fig.— 

58a. 

5,090 
4,600 
490 

3 
33 

175 

58b. 

4,670 
3,600 
1,070 

3-5 
25 

160 

58c. 

3,020 
2,600 
420 

3-5 
33 

104 

58d. 

2,790 
L800 
'990 

3-5 

20 

96 

58e. 

6,750 
6.400 
350 

3-25 
33 

230 

58f.  1  65.     66. 

Total  weight  of  field,  pounds 
Weight  of  iron,  pounds  
Weight  of  copper,  pounds.  . 
Percentage    of    output    re- 
quired for  excitation 
Temperature    rise,    degrees 
centigrade  
Weight  of  field  in  pounds  per 
kilowatt  at  2,000  ft.  peri 
pheral  armature  speed  .  .  . 

5,0703.6702,400 
4,6003,0001,750 
470    670    650 

2-8     3-5  '  3-5 
33       28       22 

175     155     104 

FIELD  MAGNETS  KOI:  FOUR-POLE  MACHINES. — 80  kw.  output, 
380  revolutions. 


Type  of  Field.               Fig.—' 

59 

60 

61 

62 

1 

Total  weight  of  field   pounds                         ' 

6  070 

9  880 

10  980 

7,300 

Weight  of  iron,  pounds       

4,400 

8,700 

9,600 

4,700 

Weight  of  copper,  pounds  

1,670 

1.180 

1,380 

2,600 

Percentage  of  output  required  for  excitation 

2 

2 

1-94 

3 

Temperature  rise,  degrees  centigrade    1 
Weight  of  field  in  pounds  per  kilowatt  out- 
put at  2,000  ft.  peripheral  armature  speed 

30 
90 

36 
147 

33 
163 

25 

109 

are  simply  for  the  iron  in  the  magnetic  circuit  and  for  the 
copper  wire,  but  do  not  include  the  weight  of  any  formers, 
terminals,  chairs,  and  support  for  the  magnets.  For  con- 
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venience  of  comparison  I  have  added  the  weight  of  magnets 
per  kilowatt  output,  on  the  supposition  that  the  peripheral 
speed  of  the  armature  is  in  all  cases  2,000  ft.  per  minute, 
The  magnet  cores  are  in  all  cases  of  wrought  iron  ;  the  pole^ 
are  of  cast  iron  in  58a,  58b,  and  65.  The  yokes  are  of  cast 
iron  in  58c,  586,  s8f,  60,  and  61. 

Determination  of  Exciting  Power. 

The  law  which  governs  the  production  of  magnetic  flux  by 
the  application  of  a  certain  magnetic  force  has  already  been 
given  in  Chapter  V.,  and  it  is  by  applying  this  law  to  special 
cases   that   we   find    the    total    exciting   power   measured   in 
ampere-turns  that  is  required  to  produce  in  dynamo  magnets 
a  definite  flux,  or  total  field.     In  what  follows,  the  letter  F 
will  be  used  to  denote  the  total  flux  in  C.G.S.  measure,  and 
the  letter  Z  will  be  used  to  denote  the  same  quantity  in  English 
measure  —  or,  F   =   6,000  Z.     The  exciting  power  in  ampere- 
turns    we    denote    by    the    letter    X,    so    that    the    general 
equation  (22)  can  also  be  written 

X  =  F  R       ......     (34) 

R  being  the  magnetic  resistance  as  defined  in  Chapter  V.,  and 
being  found  by  the  formulae 


R  - 

1-256  ^  f 

or,  R  =  2     -8      ~  -  | 

A    fJLj 

Or,  in  English  measure, 

X  =  Z  R       ......     (35) 

where  R  =  2  1,880  -  -  .  (25) 

A  ^ 

In  this  expression  the  length  of  the  circuit,  L,  must  be 
inserted  in  inches,  and  the  area,  A,  in  square  inches  ;  /*,  being 
merely  a  numeric,  remains  the  same  in  both  systems  of 
measurement.  In  the  special  case  that  the  part  of  the 
magnetic  circuit  under  consideration  contains  only  air  or 
other  non-magnetic  substance  /u.  becomes  i,  and  we  have 

R  =  -8^  R,,=  1,880-' 
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Since  F  =  $  A  and  Z  =  B  A,,,  we  find  the  ampere-turns 
.required  to  produce  the  flux,  F,  in  air  by  X  =  $  A  x  -8  — 

X  =  -8  B  L (36) 

.and  similarly  for  English  measure 

X  -  1,880  B  L,, (37) 

It  is  generally  convenient  to  determine  the  exciting  power 
separately  for  each  part  of  the  magnetic  circuit,  because  the 
flux  is  not  the  same  in  all  its  parts.  In  a  dynamo  machine  we 
have  to  distinguish  between  the  flux  through  the  armature, 
that  through  the  air-space  (assumed  to  be  the  same),  and  that 
through  the  pole-pieces,  joints,  magnet  cores  and  yokes,  which 
is  always  larger  than  the  armature  flux,  because  a  certain 
proportion  of  the  lines  generated  within  the  magnet  coils 
never  passes  through  the  armature,  but  produces  what  is 
termed  a  leakage  field  through  the  air  surrounding  the  exciting 
coils.  Since  leakage  is  simply  a  magnetic  flux  through  air, 

and  must  follow  the  general  law  F  =   — ,  it  will  be  seen  that 

R 

the  amount  of  leakage  must  depend  on  the  extent  of  the 
surfaces  which  are  under  different  magnetic  potentials,  their 
distance  apart,  and  on  the  difference  of  magnetic  potential  or 
magnetomotive  force.  Generally  speaking,  the  leakage  will  be 
the  greater,  the  greater  the  exciting  power,  the  larger  the 
•external  surface  of  pole-pieces,  and  the  less  the  distance 
between  poles  of  opposite  sign,  or  between  poles  and  yokes. 

The  magnetic  resistance  of  joints  is  generally  neglected,  and 
in  well-made  machines,  where  the  joints  are  properly  faced 
and  strongly  pressed  together  mechanically,  their  resistance 
is  quite  insignificant  compared  to  that  of  other  parts  of  the 
•circuit.  Prof.  Ewing1  has  experimentally  investigated  the 
magnetic  resistance  of  joints  by  observing  the  decrease  of 
induction  with  the  same  magnetising  power  in  a  bar  which 
had  been  successively  cut  into  two,  four,  and  eight  pieces.  He 
found  that  by  applying  mechanical  pressure  to  the  joints  their 
resistance  was  diminished ;  and  since  in  a  well-made  machine 

1  Phil.  Mag.,  September,  1888. 
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the  joints  are  either  strongly  bolted  up  or  are  a  good  driving 
fit,  we  may  take  it  that  the  necessary  mechanical  pressure  for 
a  good  magnetic  fit  is  obtained.  Ewing  gives  the  resistance 
of  the  joint  in  comparison  with  an  equivalent  layer  of  air 
between  the  surfaces.  For  H  =  30,  and  ^6  varying  from 
14,550  to  9,800,  the  equivalent  layer  of  air  is  "002  cm.  thick. 
For  H  =  50,  and  |g  varying  from  15,950  to  13,300,  it  is 
•0013  cm.  thick,  and  for  H  =  70,  and  $  varying  from  16,820 
to  15,200,  it  is  '0009  cm.  thick.  If  we  calculate  from  Ewing's 
figures  what  exciting  power  is  required  to  overcome  in  each 
case  the  resistance  of  the  joint,  we  come  to  the  remarkable 
result  that  with  an  increasing  induction  the  exciting  power 
actually  diminishes.  We  find  for 

<x>  (ampere-turns  required  to  overcome  resist-1 

^8  =  I2'I75j  ance  of  joint  )  =  Z9'6 

^  =  14,625  „  „  „  =  17 

IS  =-  16,020  „  ,,  „  =*  11*6 

This  result  may  possibly  be  due  to  the  fact  that  with  the 
greater  induction  the  magnetic  attraction  is  also  increased, 
and  thus  the  contact  of  the  joints  in  Ewing's  experiments  may 
have  become  better  as  |i  became  larger.  The  conditions  of 
the  experiment  were,  therefore,  not  exactly  those  obtaining  in 
a  system  of  heavy  field  magnets,  where  the  joints  are  in  any 
case  under  great  mechanical  pressure.  For  the  rest  it  is  a 
matter  of  indifference  whether  we  allow  10,  or  50,  or  100 
ampere-turns  fcr  the  resistance  of  each  joint,  because  the 
total  exciting  power  is  reckoned  not  by  tens,  but  by 
thousands  of  ampere-turns,  and  we  are  thus  justified  in  entirely 
neglecting  the  resistance. 

There  remain  thus  only  three  parts  of  the  magnetic  circuit 
to  be  separately  dealt  with — namely,  armature,  air-spaces,  and 
magnets,  including  poles,  cores,  and  yoke.  To  find  the  total 
exciting  power  we  have  merely  to  determine  separately  the 
exciting  power  (X  )  required  to  drive  the  flux  through  the 
armature,  that  required  for  the  air-space  (which  we  call  Xa  ), 
that  required  for  the  magnet  cores  and  poles  (Xm),  and 
that  required  for  the  yoke  (Xy ) .  We  shall  use  the  same 
subscripts,  a,  a,  m,  y,  for  F  or  Z,  and  $  or  B  to  distinguish 
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respectively  the  flux  and  induction  through  the  various  parts 
of  the  circuit.     The  following  symbols  will  also  be  used  : 

Lj  -»  average  length  of  path  of  lines  through  armature  core  ; 

<5  =  length  of  air-gap  or  interpolar  space  ; 
Aa  =  net  area  occupied  by  iron  in  armature  core  ; 
Aa  =  area  of  air-gap  ; 
ATO  =  cross-sectional  area  of  magnet  cores  ; 
Ay  =  cross-sectional  area  of  yoke  ; 

Lm  and  Ly  =  length    of  paths   through    magnets   and   yoke 
respectively. 

The  magnetic   force   required   to  produce   an  induction   of 

9O 

Pa  lines  through  the  armature  is  Ha  =  —  ,  where 

IJL 


We  have,  therefore,  $a  -  /*  '4^ffl  ; 

Lrf 

and  in  order  to  determine  Xa  ,  the  ampere-turns  required  for 
the  armature  alone,  we  must  know  the  value  of  the  permea- 
bility at  the  particular  induction  chosen.  This  can  be  found 
experimentally  (as  was  first  done  by  Dr.  Hopkinson  in  con- 
nection with  the  design  of  dynamo  field  magnets)  by  testing 
the  particular  sample  of  iron  used  for  armature  plates  and 
determining  the  permeability  curve,  or,  better  still,  the  mag- 
netisation curve  (Fig.  26),  which  represents  $  as  a  function 
of  H.  We  know  what  total  flux  we  require  to  give  the  desired 
E.M.F.,  and  dividing  this  by  the  area  of  the  armature  core 
we  find  $a.  Then,  referring  to  the  magnetisation  curve,  we 
find  the  corresponding  Hn  The  ampere-turns  required  for 
the  armature  are  then  given  by 

v          H"  T 
Xa  -       —  La 

'47T 

Xa  =   -8  Ha  L« 

In  order  to  avoid  the  coefficient  '8  it  is  convenient  to 
compile  once  for  all  a  table  from  the  magnetisation  curve 
in  which  the  vajues  of  "8  H  and  $a  are  inserted.  Wre  have 
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then  only  to  refer  to  the  table  and  find  the  number  with  which 
the  mean  length  of  the  lines  through  the  armature  must  be 


fnduchonfin  C.G.S.  Lines  per  so  Centimeters 

"  "  "  "  *  ' 


multiplied  to  give  Xa.  In  other  words,  the  numbers  of  the 
table  give  the  ampere-turns  per  centimetre  of  the  path  which 
the  lines  take  through  the  armature. 


i88 
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Figs.  67a  and  6jb  give  the  curves  for  different  samples  of 
iron  used  in    the   construction    of    dynamos.      The   abscissae 


djen'bs  Jdd  sdui/  ddex  uouonpv/. 


represent  the  mean  values  for  average  samples  of  armature 
plates,  homogeneous  iron,  wrought  iron,  and  cast  iron,  recently 
determined  by  the  author.  The  values  for  the  same  quality  of 
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cast  steel,  as  represented  in  the  magnetisation  curve  (Fig.  29), 
are  also  included.  For  each  sample  two  curves  are  given ; 
the  values  for  the  lower  curve  being  indicated  by  the  lower 
abscissae,  while  those  for  the  upper  curve  are  given  on  the 
upper  margin. 

The  use  of  these  curves  can  best  be  explained  by  an 
example.  Say  that  in  the  armature  shown  in  Fig.  68  the 
average  length  of  path  is  L*  =  n  in.,  and  that  we  desire 
to  have  an  induction  of  B  =  i6'5.  By  referring  to  the 
curve  for  the  armature  plates  (Fig.  6jb),  we  find  that  75 
ampere-turns  are  required  per  inch  of  path ;  so  that  out  of 
the  total  exciting  power  applied  to  the  field  magnets  n  x  75 
=  825  ampere-turns  will  be  required  for  producing  the  flux 
through  the  armature.  Or,  employing  the  C.G.S.  system 
of  measurement,  let  the  average  length  of  path  in  the 
armature  be  30  cm.,  and  the  desired  induction  16,000.  Then, 
by  referring  to  the  curve  for  the  armature  plate  (Fig.  67a), 
we  find  that  36  ampere-turns  are  required  per  centimetre 
of  path ;  whence  it  follows  that  out  of  the  total  exciting 
power  applied  to  the  field  magnets  36  x  30  =  1,080  ampere- 
turns  will  be  required  for  producing  the  flux  through  the 
armature. 

To  determine  that  part  of  the  exciting  power  which  is 
required  to  drive  the  flux  through  the  air  -  space,  we  use 
formulae  (36)  and  (37a).  The  dimensions  of  the  polar  surfaces 
we  take  from  the  drawing  of  the  machine,  but  it  is  important 
to  note  that  the  average  area  through  which  the  flux  passes 
is  slightly  larger  than  the  polar  area,  since  the  flux  spreads 
out  into  a  fringe  at  the  corners  of  the  pole-pieces,  as  shown 
to  an  enlarged  scale  to  the  right  of  Fig.  68.  In  practice  it 
is  generally  assumed  that  the  total  width  of  fringe  may  be 
taken  as  equal  to  the  air-space,  and  if  X  is  the  length  of  the 
polar  area,  and  I  the  length  of  the  armature,  the  mean  area  of 
interpolar  space  is 

A«  =  /  (X  +  S) (37a) 

The  average  induction  in  that  space  is 

*«=L (38) 
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and  the  exciting  power  for  the  air-space  is 

X  =  '8  W«  2  8  and  X  =  1,880  Ba  2  8n   .     .     (39) 

There  remains  yet  the  determination  of  the  exciting  power 
required  for  the  magnets,  including  pole-pieces  and  yoke. 
Here  we  are  met  by  the  difficulty  that,  on  account  of  mag- 
netic leakage,  the  flux  is  not  the  same  in  the  different  parts 


FIG.  68. 

of  the  magnet  circuit,  and  that  the  law  according  to  which  it 
varies  is  not  accurately  known.  In  Fig.  69  the  leakage  is 
roughly  represented  by  dotted  lines,  but  only  those  paths 
are  shown  which  lie  in  the  plane  of  the  paper.  In  addition 
there  are,  of  course,  leakage  lines  between  the  side  faces  of 
the  poles,  and  between  these  and  the  yokes,  which  come  out 
of  the  plane  of  the  paper  in  various  directions,  the  whole 
machine  being  surrounded  with  a  kind  of  magnetic  halo.  An 
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attempt  has  been  made  by  Prof.  Forbes1  to  determine  the 
leakage  by  assuming  certain  paths  and  integrating  the  flux 
over  the  various  surfaces  of  the  machine ;  but  as  in  applying 
his  methods  a  great  deal  must  depend  on  the  personal 
judgment  of  the  calculator,  it  is  generally  found  more  accurate 
to  calculate  the  leakage  of  a  new  machine  from  the  experi- 
mental results  previously  obtained  with  machines  of  a  similar 
type,  but  of  different  size.  Such  experiments  are  easily 
performed.  Referring  to  Fig.  69,  we  may  assume  with 
tolerable  certainty  that  the  flux  will  be  a  maximum  at  M, 


FIG.  69. 

being  in  the  middle  of  the  excited  part  of  the  magnet  circuit, 
and  a  minimum  at  A  in  the  armature.  We  need,  then,  only 
place  exploring  coils  round  the  magnet  and  armature  in  the 
two  positions,  and  connect  them  with  a  ballistic  galvanometer. 
We  note  the  deflections  on  making  and  breaking  the  exciting 
circuit,  and  determime  thus  the  total  flux  in  these  two  points 
and  their  ratio.  As  a  further  check  we  can  couple  the  two 
exploring  coils  in  series,  and  by  reversing  the  connections 
determine  Fa  +  Fm  and  Fm  -  Fa.  Mr.  Esson  has  published 

1  Journal  Society  of  Telegraph  Engineers,  xv.    551,  1886. 
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leakage  tests  made  with  various  machines,1  and     has   found 
that  the  ratio  F,n/Fa  varies  from  1*3  to  2. 

The  leakage  is  thus  represented  for  each  type  of  machine 
as  a  coefficient,  but  such  a  way  of  representation  cannot  be 
correct  for  all  cases,  as  will  be  seen  from  the  following 
consideration.  Suppose  we  have  found  a  certain  leakage 
coefficient  when  testing  a  machine  with  a  moderately  strong 
field.  The  same  coefficient  cannot  possibly  be  right  for  the 
same  machine  if  excited  to  a  higher  degree.  Let  us  assume 
that  we  excite  the  machine  so  as  to  get  30  per  cent,  more  flux 
through  the  armature.  The  ampere-turns  required  for  the  air- 
space have  now  increased  by  30  per  cent.,  but  those  required 
for  the  armature  have  increased  by  more  than  30  per  cent.,, 
so  that  the  total  magnetic,  pressure  forcing  leakage  lines  out 
of  the  pole-pieces  has  increased  in  a  greater  ratio  than  the 
flux,  and  for  this  reason  the  leakage  coefficient  will  now  be 
higher.  It  is  therefore  more  accurate  to  determine  the  leakage 
field,  not  as  a  function  of  the  total  field,  but  as  a  function  of 
the  exciting  power,  Xa  +  Xa  ,  actually  applied  to  the  armature. 
Since  the  leakage  takes  place  through  air,  for  which  /j.  =  i, 
the  magnetic  resistance  of  the  leakage  paths  is  constant,  and 
we  can  find  the  total  waste  field,  £  —  Zm  -  Za,  by  simply 
dividing  the  armature  exciting  power  by  the  magnetic  resist- 
ance, p,  of  the  leakage  paths. 

g  _  Xa  +  Xa 
P 

The  coefficient  p  depends,  of  course,  on  the  size  and  general 
configuration  of  the  machine.  A  machine  with  large  exposed 
poles  will  naturally  have  a  smaller  p  than  one  in  which  the 
poles  are  small.  Thus  Fig.  58b  will  have  more  waste  field 
than  58d,  the  latter  will  have  more  than  58c,  and  this  will 
have  more  than  Fig.  60.  Again,  if  we  invert  58c  so  that  the 
poles  come  near  the  bed-plate,  the  leakage  will  also  increase. 

We  have  now  to  consider  what  influence  the  size  of  a 
machine  has  on  the  leakage  resistance,  p.  By  doubling  the 
linear  dimensions  we  quadruple  the  surfaces  from  which  the 
leakage  takes  place,  but  at  the  same  time  we  double  the 

1  Journal  Inst.  Electrical  Engineers,  xix.,  122,  1890. 
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average  length  of  the  leakage  paths,  so  that  the  total  leakage 
resistance  will  be  halved.  The  leakage  resistance  for  two 
machines  of  the  same  type  will,  therefore,  vary  inversely  as- 
the  linear  dimensions.  A  convenient  way  of  stating  the  linear 
dimensions  of  a  machine  is  to  give  the  size  of  its  armature, 
and  in  order  to  permit  of  slight  variations  in  the  ratio  of 
length  and  diameter  of  armature,  we  may  conveniently  state 
the  linear  dimensions  of  the  machine,  not  in  terms  of  either 
the  diameter  or  the  length  of  the  armature,  but  in  terms  of 
the  square  root  of  their  product.  It  is  assumed  that  there  is 
no  very  great  difference  between  the  length  and  the  diameter 
of  the  armature.  The  leakage  resistance  will  then  be  given 
by  the  expression 

f~m.  ......  (40) 

where  /  and  d  are  the  length  and  diameter  of  the  armature 
core,  and  K  is  a  coefficient  depending  on  the  type  of  the 
machine,  but  not  on  its  size. 

In  overtype  machines  K  may  be  taken  at  '29  in  C.G.S.  and 
680  in  English  measure,  and  in  undertype  machines  at  '21 
and  490  respectively.  For  machines  in  which  the  poles  are 
exterior  to  the  armature  K  =  0*35  to  0^55,  and  for  d  we 
must  insert  the  diameter  divided  by  the  number  of  pairs  of 
poles.  «j, 

The  general  formula  for  the  resistance  to  leakage  reads,. 
therefore, 


It  is  to  be  observed,  however,  that  this  formula  serves  only 
for  the  conditions  from  which  it  is  derived  —  that  is  to  say, 
when  the  form  and  dimensions  of  the  multipolar  machine 
are  such  that  they  may  be  regarded  as  a  collection  of  p/2 
bipolar  machines.  The  pole-width  in  both  machines  mustr 
therefore,  be  the  same,  as  likewise  the  length  of  the  magnet 
cores  and  their  breadth.  Further,  the  distance  from  pole- 
edge  to  pole-edge  must  be  the  same  in  both  machines,  while 
the  diameter  of  the  armature  in  the  multipolar  machine  must 

13 
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be  p  times  as  great  as  in  the  bipolar.  That  the  formula  for  p 
serves  only  under  these  conditions,  and  is  not  applicable  for 
every  type  of  multipolar  field,  may  be  easily  recognised  from 
the  following  example.  Let  us  take  the  case  of  an  eight-pole 
machine  (/>/2  =  4)  having  an  armature  length  and  diameter  of 
50  cm.  and  200  cm.  respectively,  and  280  cm.  clear  diameter 
of  yoke  ring.  If  no  pole-shoes  are  employed,  then  the  radial 
length  of  the  magnet  core  will  be  about  35  cm.,  and  the 
cross-section  of  the  same  50  cm.  by  50  cm.  We  can  imagine 
the  construction  of  such  a  machine  out  of  four  machines  of 
the  type  shown  in  Fig.  586,  in  which  case  the  armature  must 
have  a  diameter  of  50  cm.  and  a  length  of  50  cm.  In  doing 
this  we  must  regard  each  of  the  four  small  armatures  as 
occupying  a  fourth  part  of  the  200  cm.  diameter  represented 
by  the  larger  armature.  We  proceed  similarly  with  the  yoke. 
But  it  is  to  be  observed  that  the  length  of  the  common  yoke 
is  less  than  the  aggregate  length  represented  by  the  yokes  of 
the  four  small  machines  (Fig.  586),  which  means  that  the 
leakage  surface  of  the  yoke  is  reduced,  and  its  distance  from 
the  poles  increased.  As  a  consequence  of  this  the  coefficient 
K  is  somewhat  greater  for  the  built-up  machine  than  for  its 
constituent  parts,  for  which  K  =  0^30  may  be  regarded  as  a 
working  average.  For  an  eight-pole  machine  under  the 
conditions  given  above,  the  formula 


is  therefore  applicable. 

This  will,  however,  no  longer  be  the  case  if,  while  main- 
taining the  length  and  diameter  of  the  armature  and  yoke 
constant,  we  increase  the  number  of  poles  to  16.  For  then 
the  distance  between  the  pole  -edges  would  be  reduced  by 
half,  and  at  the  same  time,  with  equal  excitation,  the  induction 
of  the  stray  field  between  these  parts  doubled.  And  since 
the  area  of  the  leakage  surface  is  constant,  the  whole  stray 
flux  between  the  magnets  is  doubled,  while  that  between 
magnet  and  yoke  remains  unaltered.  In  reality,  the  new  p 
would  therefore  represent  only  70  to  80  per  cent,  of  the  former 
value  ;  whereas  the  value  for  the  new  p  given  by  the  formula 
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is  40  per  cent,  greater.     This  contradiction  is  explained  in  that 
we  have  applied  the  formula 


p  =  - 

Jtld 

to  a  case  in  which  it  is  not  applicable.  If  we  desire  to  use 
the  formula  in  connection  with  a  i6-pole  machine,  the  other 
conditions  must  be  the  same  as  would  hold  for  a  machine 
constructed  out  of  eight  bipolar  machines  having  armatures 
of  25  cm.  diameter,  and  approximately  the  same  length.  The 
radial  length  of  the  magnets  should  in  this  case  not  exceed 
18  cm.  to  20  cm.,  nor  the  over-all  diameter  of  the  armature 
240  cm.  The  leakage  surfaces  of  the  magnets  would  be 
reduced  to  a  quarter,  those  of  the  yoke  to  somewhat  less  than 
half,  while  the  length  of  the  leakage  path  would  be  only  half 
of  that  obtaining  in  the  previous  case.  Hence  the  resistance 
to  leakage  between  magnet  and  yoke  would  be  slightly  greater, 
and  that  to  leakage  between  two  magnets  approximately 
double  as  great  as  in  the  previous  case  ;  from  which  it  follows 
that  the  resistance  of  the  total  leakage  might  well  reach  -J  2, 
of  the  previous  value,  as  given  by  the  formula. 

Where  the  structural  proportions  of  the  multipolar  machine 

correspond  (—  not  varying   greatly   from   the   length   of  the 
\p 

armature  and  pole-width,  and  the  radial  length  of  the  magnet 

2  d  \ 
not  varying  very  much  from  0*7  -  )  we  may  use  the  formula 

P  ' 


P= 


-Jzld 


without  hesitation.  The  value  of  K  lies  between  0*35  and  0*55. 
Its  actual  location  within  these  limits  must  be  left  to  the 
mechanical  instinct  and  the  experience  of  the  manufacturer. 

For  the  sake  of  a  formula  we  cannot,  however,  fix  or  modify 
the  geometrical  proportion  of  a  machine,  and  where  the 
proportions  fixed  for  other  reasons  do  not  conform  to  the 
requirements  of  the  formula,  we  must  put  the  latter  aside  and 
estimate  the  leakage  in  another  way.  When  the  dimensions 
and  position  of  the  leakage  surfaces  and  the  average  length  of 
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the  stray  field   are   known,  we   may  make  a  rough  approxi- 
mation of  the  value  by  using  the  formula 


where  |i  represents  the  induction  in  the  stray  field,  /  its  length,. 
and  X  the  number  of  ampere-turns  acting  between  the  leakage 
surfaces.  The  unreliability  of  the  calculation  is  due  to  the 
fact  that  we  can  neither  give  the  length  nor  the  cross-section 
of  the  stray  field  accurately. 

As  an  example  the  calculation  of  the  stray  flux  in  a  machine 
in  which  the  poles  are  within  the  armature  may  be  given, 
whereby  we  assume  a  fairly  large  number  of  poles,  so  that  the 
sides  of  the  magnets  which  face  each  other  do  not  enclose  a 
very  large  angle.  We  may  regard  the  stray  flux  as  the  product 
of  ampere-turns  and  magnetic  conductivity.  The  magnetic 
conductivity  of  a  uniform  stray  field  is  given  by  the  expression 


where  A  represents  the  sectional  area  and  I  the  length  of  the 
leakage  path.  Hence  in  Fig.  70  the  stray  field  between  the 
pole-edges  is  given  by  the  formula 

F.  -  2  x  1-25  X  —  . 
aQ 

We  have  to  insert  the  factor  2  because  the  stray  lines  enter 
to  the  right  and  left  at  both  pole-edges.  To  determine  the 
leakage  between  the  magnet  sides  we  may  employ  the  same 
formula,  provided  we  split  up  the  total  height,  H,  into  small 
parts  and  insert  the  corresponding  value  for  a  each  time.  It 
has  further  to  be  considered  that  X  is  a  constantly  increasing 
value  from  below  upwards,  so  that  for  X  we  must  insert  only 
that  value  which  corresponds  to  the  position  of  the  part  in 
question.  That  involves,  however,  a  complicated  calculation, 
which  may  be  avoided  by  making  an  approximate  estimate. 

If  we  imagine  the  diverging  magnet  cores  to  be  substituted 
by  cores  which  are  parallel  at  the  mean  distance,  a,  we  commit 
a  slight  error,  in  that  we  overestimate  the  leakage  which 
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occurs  above  a  in  proportion  to  the  divergence  from  the  mean 
distance,  while  we  underestimate  the  leakage  which  takes 
place  below  a  in  the  same  ratio.  Since  the  leakage  increases 
-upwards  on  account  of  the  growth  of  X,  the  two  errors  do  not 
entirely  balance  each  other,  but  there  remains  an  excess — that 
is  to  say,  our  estimated  value  of  the  total  leakage  is  slightly 
too  high.  For  a  small  divergence  of  the  magnet  sides  this 


FIG.  70. 

error  is,  however,  inconsiderable,  and  may  be  partly  com- 
pensated for  by  supposing  the  stray  lines  to  be  parallel  and 
straight,  whereas  in  reality  they  bulge  slightly  downwards  in 
the  centre.  The  cross-section  of  the  stray  field  above  a  is, 
therefore,  slightly  greater,  and  below  a  slightly  smaller,  than 
we  assume.  But  the  error  arising  therefrom  is  negative,  and 
partially  balances  the  previously-mentioned  positive  error. 
In  a  unit  strip  of  the  stray  field,  of  L  dh  cross-section, 

lying  h  cm.  above  the  yoke,  there  act  X  —  ampere-turns.     The 

H 
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leakage  is 

JT-  v   h    dk  T 

d¥s  =--  1-25  X  —  —  L. 
H    a 

We  discover  the  total  leakage  by  integrating  -between  the 
limits  h  =  o  and  h  =  H.     We  have 


But  stray  lines  flow  to  the  right  and  left  rom  both  sides 
of  the  magnets.  The  side  leakage  is,  therefore,  double  as 
great  —  i.e., 

F8  -  r25  X  Ht. 

a 

Besides  the  side  leakage,  we  must  also  take  into  consideration 
the  leakage  from  the  ends.  If  we  assume  that  the  stray  lines 
at  each  end  surface  form  a  quarter-circle,  as  shown  in  Fig.  70, 
we  shall  certainly  not  overestimate  this  source  of  leakage. 
In  reality,  the  lines  bulge  out  to  a  greater  extent,  whereby  the 
resistance  to  leakage  is  reduced  somewhat.  But  since  the 
assumption  of  path  for  the  stray  lines,  other  than  the  one 
indicated  in  the  figure,  would  greatly  complicate  the  calcula- 
tion, we  will  work  on  the  previous  supposition  and  balance  the 
resultant  error  by  making  a  subsequent  slight  addition  to  the 
calculation.  A  stray  line  emerging  at  the  distance  y  from 
the  corner  of  the  pole-piece  describes  two  quarter-circles  of 
the  radius  .y  connected  by  the  straight  piece,  a.  Its  length  is 

a  +  Try. 

In  the  first  place,  we  will  suppose  that  the  strip  in  question 
is  i  cm.  wide,  and  that  we  have  a  sectional  area  of  field  01 
i  x  dy  cm.  created  by  the  influenc  of 

x  -=   l  X  ampere-turns. 
H 

dF.  =  *'25  *  dy. 

a  +  TT  y 

By  integrating  from  the  corner  to  the  centre  of  the  pole- 
piece  —  that  is  to  say,  from  y  =  o  to  y  —  —  -  ,  we  obtain  the 
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stray  flux  for  the  whole  strip  having  a  width  of  i  cm. 


7T 

or,  by  employing  the  common  log.  : 


Instead  of  determining  the  stray  flux  for  each  strip  of  I  cm. 
width,  we  may,  as  previously,  integrate  from  the  yoke  to  the 
pole-shoe  and  obtain 

Fg 

But  it  must  be  remembered  that  this  stray  flux  is  repeated 
four  times  in  each  pole-piece,  and  that  a  slight  addition  must, 
moreover,  be  made,  as  explained  above,  in  order  to  correct  the 
error  due  to  too  low  an  estimate  of  the  permeability  of  the 
stray  field  having  been  made.  We  do  not,  therefore,  write 

4  x  ^_9£f  but  2  as  the  coefficient  and  obtain 


There  yet  remain  the  leakages  from  the  upper  to  the  lower 
part  of  each  magnet,  and  from  magnet  to  yoke,  to  consider. 
These,  however,  are  slight,  and  their  calculation  would  scarcely 
be  worth  the  while  for  practical  purposes.  We  may,  therefore, 
neglect  detailed  calculations,  and  to  partially  balance  the  error 
arising  thereby  assume  that  the  magnet  conducts  the  magnetic 
flux  F  +  2  Fs  over  its  entire  length.  In  doing  this  we  slightly 
overestimate  the  ampere-turns  necessary  for  the  excitation, 
while  by  entirely  neglecting  the  two  above-mentioned  sources 
of  leakage  they  are  slightly  underestimated.  The  errors, 
therefore,  partly  equalise  each  other,  the  difference — which 
at  the  most  amounts  to  only  a  few  hundred  ampere-turns — 
being  insignificant  compared  with  the  total  excitation  of 
some  7,000  to  15,000  ampere-turns. 

1  This  formula  was  first  employed  by  Forbes  (Journal  of  the  Society  of  Telegraph 
Engineers  and  Electricians,  vol.  xv.,  p.  556),  though  in  a  somewhat  different  form. 
Thompson  gives  it  in  the  above  form  in  his  book,  "  The  Electromagnet." 
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To  give  the  reader  an  idea  of  the  sum  total  of  the  different 
stray  fluxes,  we  may  here  introduce  the  values  determined  in  a 
practical  example. 

Diameter  of  the  armature,  210  cm.;  length,  22  cm.;  number 
of  poles,  32. 

a0  =  7  sq.  cm.      a  =  8  sq.  cm.      a:  =  18  sq.  cm.      X  =  8,000 
h  =  1*5  cm.     H  =  21-5     L  =  22.  cm. 

It  will  not  be  necessary  to  go  through  the  calculation  in 
detail. 

The  result  is : 

Leakage  between — 
Pole-ends  F,  =  4  XAlog.fi  +  ?  ("i  ~  a*J~\  o-026  x  io~6 

Pole-corners      F,  =  2'5XL  —        0^094  x  io~6 

a0 

Magnet  ends     F.  =  2XHlog.fi  +  *  fc-Jl^)~|  0*162  x  io~6 

L         2  ^      a      ' -1 

XT'    T       T_T 

Magnet  sides     Fs  =  1-25 0*590  x  io~6 


Total 0*872  x  io~l! 

The  useful  field  of  this  machine  is          ...        F  =  1*850  x  io~6 
Consequently  each  magnet  carries  a  flux  of  FOT  =  2*722  x  icr6 

If  the  magnet  cores  are  cylindrical,  we  may  imagine  them 
to  be  substituted  by  square  cores  of  the  same  sectional  area, 
and  estimate  the  leakage  for  the  latter. 

Having  determined,  by  means  of  the  one  or  other  of  these 
methods,  the  leakage  lines,  we  can  then,  by  adding  them  to 
the  useful  flux,  discover  the  total  flux  through  the  magnets, 
and  therefore  the  induction. 

To  find  the  corresponding  exciting  power,  we  proceed  in  the 
same  way  as  with  the  armature  and  use  the  curve  (Fig.  67A). 
There  is,  however,  this  difference,  that  an  error  in  the  estima- 
tion of  the  permeability  of  the  armature  core  is  not  of  very 
great  importance,  the  exciting  power  required  for  the  armature 
being,  as  a  rule,  comparatively  small ;  whereas  an  error  in  the 
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estimation  of  the  permeability  of  the  field  magnets  may  have 
great  importance,  as  it  affects  a  much  larger  part  of  the  total 
exciting  power.  The  difference  in  the  permeability  between 
various  samples  of  iron  is  generally  greater  for  high  than  for 
low  inductions,  so  that  if  for  constructive  reasons  we  are 
compelled  to  work  at  a  high  induction  in  the  field  magnets,  it 
becomes  all  the  more  important  to  test  the  magnetic  properties 
of  the  particular  brand  of  iron  employed.  On  the  other  hand, 
there  is  less  danger  of  error  if  we  work  with  a  moderate  induc- 
tion, a  course  which  we  would  adopt  wherever  possible,  with  a 
view  to  economise  exciting  wire.  In  such  cases  the  exciting 
power  required  for  the  magnets  is  relatively  smaller,  and  an 
error  in  this  smaller  quantity  is  not  of  so  much  importance — 
to  say  nothing  of  the  fact  that  the  error  itself  is  not  so  likely 
to  occur.  In  ordinary  work  we  may,  therefore,  neglect  to  test 
a  sample  of  the  metal  in  each  case  and  use  a  curve  of  $1  and 

V 

j—  prepared,  once  for  all,  from  tests  made  with  iron  of  average 

quality.  The  usual  materials  for  field  magnets  are  wrought 
iron,  cast  steel,  and  cast  iron.  The  latter  should  only  be 
employed  in  those  parts  of  the  circuit  which  are  not  sur- 
rounded by  exciting  wire — such  as  yokes  and  pole-pieces — 
because,  otherwise,  the  cost  of  copper,  owing  to  the  larger 
sectional  area  surrounded  by  wire,  becomes  too  great.  An 
exception  may  be  made  in  the  case  of  small  machines,  since 
with  these  it  is  not  so  much  a  question  of  fully  utilising  the 
material  as  ot  simplifying  the  construction  and  effecting 
economy  in  the  cost  of  production.  Wrought  iron  and  mild 
cast  steel  are  generally  used  for  the  magnet  cores  proper,  and 
are  about  equivalent,  magnetically.  Out  of  13  samples  of  cast 
steel  which  I  tested  in  the  magnetometer,  three  only  were  of 
sensibly  lower  permeability  than  ordinary  wrought  iron  as 
used  for  magnet  forgings,  and  the  10  others  came  out  nearly 
equivalent  to  Lowmoor  iron,  and  equal  to,  or  even  slightly 
better  than,  ordinary  good  wrought  iron. 

Predetermination  of  Characteristics. 

Generally  speaking,  a  characteristic  of  a  dynamo  is  a  curve 
giving  the  relation  between  two  variables — such  as  current  and 
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terminal  pressure  for  constant  speed,  current  and  resistance 
of  external  circuit  for  constant  speed,  speed  and  current  for 
constant  external  resistance,  torque  and  current,  or  any  other 
relation  between  two  quantities  depending  on  each  other. 
Amongst  these  relations,  one  of  the  most  important  is  that  of 
the  interdependence  of  exciting  power  and  total  armature 
flux.  This  can  be  represented  by  a  characteristic,  usually 
called  the  curve  of  magnetisation  of  the  machine,  in  which 
the  exciting  power  is  plotted  on  the  horizontal  and  the  total 
armature  flux  on  the  vertical.  This  curve  is  important, 
because  by  its  aid  we  can  determine  the  winding  of  the  field 
not  only  for  one  working  point,  but  for  any  given  range  of 
working  conditions — such  as  may  occur  in  compound-wound 
dynamos,  railway  or  tramway  motors,  and  generally  in 
problems  connected  with  the  electrical  transmission  of  power. 
The  problem  before  us  is  how  different  points  on  the  charac- 
teristic of  magnetisation  can  be  determined,  the  drawing  or 
the  machine  being  given.  The  solution  of  this  problem  is, 
in  reality,  contained  in  what  has  been  already  said  on  the 
calculation  of  the  exciting  power  required  for  the  different 
parts  of  the  magnetic  circuit ;  but  for  the  convenience  of  the 
reader  I  recapitulate  the  subject  by  giving  an  example.  For 
the  sake  of  avoiding  large  numbers,  we  use  the  English  system 
of  measurement. 

Let  us  assume  that  the  machine  has  a  ring  armature  18  in. 
diameter  by  14  in.  long,  core  discs  3^  in.  deep,  and  that  82 
per  cent,  of  the  core  space  is  actually  filled  by  iron.  Output 
of  machine,  40  amperes  at  1,000  volts  at  500  revolutions; 
resistance  of  armature,  -95  ohm ;  loss,  3'8  per  cent.  For 
reasons  which  will  be  found  in  the  next  chapter,  we  would 
choose  for  an  armature  of  this  kind  a  double-horseshoe  field 
of  the  type  shown  in  Fig.  66.  The  area  of  iron  in  the 
armature  is  80  square  inches,  and  the  useful  flux  is  therefore 
80  times  the  induction.  Let  us  assume  that  by  reference  to  a 
drawing  of  the  machine  we  find  the  following  measurements : 

Length  of  polar  arc,          X  =  23  in. ; 

Air-gap,  o  =    "g  in. ; 

Area  of  magnets  and  yokes, 

A  =  65  x   2  (all  of  wrought  iron) ; 
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Path  through  armature,    La  =  16  in. ; 

Path  through  magnets  and  yoke, 

L  =  66  in. 

Since  in  this  case  the  yokes  are  of  the  same  material  and  have 
the  same  sectional  area  as  the  magnet  cores,  we  need  not 
consider  them  separately,  and  can  write  Am  for  Av  and  JL»i  for 
the  sum  of  the  paths  through  magnets  and  yoke.  Similarly, 
Bm  stands  for  the  induction  through  the  yoke  as  well  as  through 
the  magnet  cores. 

Assume  that  the  armature  has  1,440  external  conductors, 
then  the  flux  required  for  the  full  output  will  be  about  1,500 
lines.  In  determining  the  characteristic  we  must,  therefore, 
find  points  from  the  origin  to  Z  =  1,500,  and  preferably  a  little 
beyond,  so  as  to  see  the  shape  of  the  curve  in  the  neigh- 
bourhood of  the  working  point.  The  process  is  as  follows  ; 
We  assume  a  certain  armature  flux,  and  find  the  exciting 
power  required  to  produce  it.  The  corresponding  point  we 
plot.  We  then  assume  another  flux,  and  again  calculate  the 
corresponding  exciting  power,  and  so  on,  for  as  many  points 
as  may  be  required  to  get  the  curve  properly  plotted. 

The  polar  area  (formula  3ya)  is  (X  +  8)  I,  in  this  case 
(23  +  -9)  14 

Aa  =  335  sq.  in. 

Assuming  Z  =  500  for  the  first  point  on  the  characteristic  t 
we  find  the  armature  induction  by  dividing  by  80  (formula  38) 

B«  =-  6-25. 

From  the  curve  (Fig.  67)  we  find  that  with  this  induction 
2-5  ampere-turns  are  required  for  each  inch  of  armature  path. 
The  average  length  of  the  path  through  the  armature  is  16  in., 
hence  the  corresponding  exciting  power  is  Xa  =  16  x  2*5  =  40 
ampere-turns. 

The  exciting  power  for  the  air-space  we  find  from  (39) 
Xa  =  i'8  x  i, 880  Ba. 

Xa    =    3,384  Ba  . 

The  flux  is  500,  and  the  area  of  air-space  is  335  square 
inches.  The  induction  in  the  air-space  is  therefore 

B.  =  522  =  r49. 
335 
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X«  =  3,384  x  i*49  •=  5>°42- 

The  total  exciting  power  required  for  the  armature  and  air- 
space is  therefore  40  +  5,042  =  5,082  ampere-turns.  This  is 
also  the  exciting  power  which  drives  the  leakage  lines  through 
the  air  surrounding  the  machine. 

The  next  step  is  to  find  the  amount  of  leakage  or  waste 
field,  and  for  this  purpose  we  must  know  the  value  of  p.  This 
we  find  from  formula  (40),  if  we  know  the  value  of  K  for  the 
type  of  machine  under  consideration.  This  may,  with  double- 
horseshoe  machines  of  the  type  represented  by  Fig.  66,  be 
taken  as  500,  so  that  we  find  p  from  the  equation 

p_   50Q    _        500 
*J~Td      \/i4  x  18 

P  =  3i'5- 
The  leakage  field  we  find  by  dividing  5,082  by  p,  which  gives 

£=  161. 

The  field  magnets  have,  therefore,  not  only  to  produce  the 
500  lines  which  are  utilised  in  the  armature,  but  also  161  lines 
which  are  dissipated  through  space  ;  and  the  induction 
through  the  magnets  must,  therefore,  be  calculated  on  the 
basis  of  661  lines  passing  through  130  square  inches  of  iron 
{65  in  each  horseshoe  magnet). 

B     =  ^  =  5-08. 
130 

Referring  to  the  curve  (Fig.  67A),  we  find  that  for  wrought- 
iron  magnets  with  an  induction  of  5*08  we  require  about 
3'9  ampere-turns  per  inch.  As  the  average  length  of  the 
path  through  the  magnets  and  yoke  is  66  in.,  the  exciting 
power  required  for  the  magnets  is 

Xm  =  3'9  x  66  =  257. 

We  now  find  the  total  exciting  power  by  adding  up  its 
component  parts.  Thus : 

The  armature  core  requires         40  ampere-turns 

The  air-spaces  require 5,042  ,, 

The  magnets  require    257  ,, 

Total       5,339 
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The  calculation  here  explained  gives  us,  incidentally,  also 
the  leakage  coefficient,  but  only  for  the  particular  flux  of  500 
lines.  We  have  seen  that  161  lines  are  wasted  over  and 
above  the  500  utilised.  The  percentage  of  waste  is  therefore 
161/500  =  32'2  per  cent.,  and  the  leakage  coefficient  is 
1*322. 

A«  =  8osq.  in.     Aa  =  335  sq.  in.     ATO  =  130  sq.  in.     p  =  31-5 
La  =  16  in.      S  =  -g  in.      ~Lm  =  66  in.       2  8  x  1,880  =  3,384 
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To  find  other  points  on  the  characteristic,  we  repeat  the 
calculations,  assuming  a  flux  of,  say,  800,  1,000,  1,100,  1,200, 
1,300,  1,400,  1,500,  i, 600,  and  1,650  lines.  These  calculations 
may  be  conveniently  made  in  tabular  form,  so  that  clerical 
errors-  may  be  more  easily  detected  and  labour  economised. 
At  the  head  of  the  table  we  write  the  constructive  data  of  the 
machine  to  facilitate  reference. 

If  we  now  determine  the  leakage  coefficient  for  a  flux  of 
1,500  lines,  we  find  it  to  have  risen  to  i  +  595/1,500  =  1*394. 
For  Z  -  i, 600  it  is  still  greater — namely,  i  +  695/1,600  =  i'432, 
whilst  the  initial  value  was  only  1*326.  It  will  thus  be  seen 


3'OOC 
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K>  80000 

AMPERE       TURNS. 


FIG.  71 


that  the  leakage  coefficient  can  only  give  the  approximate 
value  of  the  waste  field.  Fig.  71  shows  the  characteristic  as 
plotted  from  the  above  table.  By  the  use  of  this  curve  we 
can  at  once  read  off  the  exciting  power  required  to  produce 
any  desired  flux  through  the  armature  within  the  limits  of  its 
capacity  to  pass  the  flux.  The  E.M.F.  produced  being  pro- 
portional to  the  flux  and  the  speed,  we  see  that  the  curve,  by 
suitably  choosing  the  scale  of  ordinates,  may  also  be  used  to 
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represent  the  E.M.F.  on  open  circuit  for  constant  speed  as  a 
function  of  the  exciting  power.  It  is,  however,  important  to 
observe  that  the  curve  only  refers  to  the  E.M.F.  on  open 
circuit.  If  a  current  is  permitted  to  flow  through  the  armature 
it  produces  a  certain  reaction  on  the  field,  and  this  must  be 
taken  into  account,  as  will  be  shown  in  the  following  chapter. 
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CHAPTER  XL 

Static  and  Dynamic  E.M.F. — Commutation  of  Current — 
Armature  Back  Ampere -Turns — Dynamic  Characteristic- 
External  Characteristic — Armature  Cross  Ampere -Turns— 
5parkless  Collection — Fisher- Hinnen's  Compensated  Field — 
Sayers's  Armature  Windings. 

Static  and  Dynamic  E.M.F. 

By  the  method  detailed  in  the  foregoing  chapters  we  can 
determine  the  E.M.F.  generated  in  the  armature  when  the 
constructive  data  of  the  machine  are  given.  This  E.M.F.  is 
that  which  can  be  measured  at  the  brushes  when  the  external 
circuit  is  open — that  is  to  say,  when  no  current  flows  through 
the  armature.  Under  this  condition,  the  machine  produces, 
so  to  say,  merely  a  static  electric  pressure,  comparable  to  the 
hydrostatic  pressure  of  a  head  of  water  close  behind  the 
orifice  of  the  discharge  pipe  from  a  reservoir  when  the  orifice 
is  closed.  But  as  soon  as  we  open  the  orifice  only  very 
slightly,  the  water  rushes  out,  and  the  pressure  within  the 
pipe  becomes  less  than  it  previously  was.  In  the  same  way 
we  observe  that  the  pressure  between  the  brushes  of  a  dynamo 
falls  slightly  as  soon  as  we  close  the  external  circuit  and  allow 
a  current  to  flow  through  the  armature.  We  have,  therefore,  to 
distinguish  between  the  "static  E.M.F." — that  is,  the  E.M.F. 
generated  in  the  armature,  and  directly  measurable  on  the 
brushes  if  the  machine  is  working  on  open  circuit — and  the 
"  dynamic  E.M.F." — that  is,  the  E.M.F.  generated  in  the 
armature  when  the  machine  is  working  on  a  closed  circuit. 
The  dynamic  E.M.F.  is  not  directly  measurable  at  the  brushes, 
but  can  be  found  by  adding  to  the  brush  E.M.F.  the  loss  of 
pressure  due  to  the  product  of  armature  resistance  and  current. 
The  static  E.M.F.  depends  for  any  given  machine  simply  on 
the  strength  of  field  and  the  speed,  but  the  dynamic  E.M.F. 
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depends   not   only  on   these  two  quantities,  but  also  on  the 
current,  being  the  lower  the  more  the  current  is  increased. 

Commutation  of  Current. 

This  lowering  of  E.M.F.  is  due  to  a  group  of  secondary  effects, 
commonly  comprised  under  the  term  "armature  reaction,"  and 
these  effects  must  now  occupy  our  attention.  The  first  of 
them  to  be  considered  is  that  of  the  commutation  of  current 
in  the  armature  wires  passing  under  the  brushes.  The  subject 
may  be  profitably  approached  in  the  first  place  by  experiment. 
Let  the  reader  take  an  armature  and  put  it  into  a  lathe, 
fixing  the  brushes  in  their  proper  position  so  that  a  current 
may  be  sent  through  the  armature.  On  starting  the  lathe, 
and  turning  on  even  a  very  moderate  current,  he  will  find 
violent  sparking  at  the  brushes.  No  work  is  done  except  the 
small  amount  represented  by  the  overcoming  of  the  ohmic 
resistance  of  the  armature.  Yet  there  is  bad  sparking,  whilst 
the  same  armature  running  in  its  own  field  and  doing  full 
work  will  run  without  sparking.  How  is  this  difference  to 
be  explained  ?  Obviously,  by  the  difference  in  the  working 
conditions.  In  the  one  case  the  armature  is  running  in  air, 
and  is  not  under  the  influence  of  a  magnetic  field  (the  field  of 
the  earth  being  not  only  inappreciably  weak,  but  possibly  also 
applied  regardless  of  the  position  of  brushes),  and  in  the  other 
case  it  is  running  in  a  strong  magnetic  field,  and  the  brushes 
are  properly  set  with  regard  to  the  direction  of  the  field.  The 
natural  conclusion  to  be  drawn  from  this  experiment  is,  then, 
that  the  presence  of  a  field  is  necessary  to  prevent  sparking  ; 
and  having  arrived  at  this  point  experimentally,  we  can  start 
on  the  theoretical  investigation. 

Fig.  72  shows  a  portion  of  a  ring-wound  armature  with  the 
positive  brush  resting  on  two  sections  of  the  commutator  fully, 
and  just  leaving  a  third  section.  With  field  magnets  of  the 
polarity  indicated  and  the  movement  counter  clockwise,  the 
induced  E.M.F.  will  be  directed  upwards  in  all  the  wires  to 
the  right  of  the  vertical  (from  No.  6  upwards),  and  will  be 
directed  downwards  in  all  the  wires  to  the  left  of  this  line. 
What  the  direction  of  current  in  each  external  wire  will  be 
depends  partly  on  that  of  the  induced  E.M.F.,  but  also  on  the 
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position  of  the  brush,  +  B.  Since  the  current  must  flow  out 
of  this  brush,  it  is  obvious  that  in  all  the  external  wires  to  the 
left  of  it  the  direction  of  current  must  be  downwards,  and  in  all 
those  to  the  right  of  it  the  direction  must  be  upwards ;  but  it  is 
not  at  the  first  glance  obvious  what  the  direction  of  current  will 
be  in  those  wires  which  at  the  moment  are  short-circuited  by 
the  brush.  We  know  that  in  wire  2  the  current  must  run 
downwards,  and  we  also  know  that  in  wire  3  the  current  is 
about  to  run  downwards;  but  in  wires  4  and  5  the  current 
may  be  one  way  or  the  other,  or  there  may  be  no  current  at 
all.  We  only  know  that  in  6  the  current  must  be  upwards ; 
and  as  the  wires  advance  this  current  must  be  reduced  and 
reach  zero  at  some  point  between  6  and  2,  and  be  restarted  in 


FIG.  72. 

the  opposite  direction,  increasing  to  the  full  strength  by  the 
time  the  wire  has  reached  the  position  2.  The  current  in 
each  wire  must,  therefore,  be  stopped  and  restarted  in  the 
opposite  direction  during  the  time  that  the  wire  passes  under 
the  brush,  and  this  holds  good  equally  for  the  armature  work- 
ing in  its  proper  field  and  running  idle  in  air.  In  the  latter 
case  there  is  sparking — that  is  to  say,  the  current,  or  at  least 
a  portion  of  it,  refuses  to  flow  through  wires  2  and  3,  and 
prefers  to  leap  across  the  corresponding  commutator  plates 
to  the  toe  of  the  brush.  When  we  say  the  current  refuses, 
we  use  a  figure  of  speech ;  it  would  be  more  correct  to 
say  that  there  is  something  which  prevents  the  current 
from  flowing  down  these  wires,  and  compels  it  to  leap  across 
the  insulating  spaces  on  the  commutator.  This  something 


AND    TRANSFORMERS.  211 

can  obviously  be  nothing  else  than  an  E.M.F.,  and  the  reason 
for  its  existence  when  the  armature  revolves  in  air  will  be 
easily  seen.  It  will  be  clear  that  with  current  flowing  through 
the  wires  as  indicated  by  dots  and  crosses,  the  region  between 
2  and  6  will  become  a  south  pole — that  is  to  say,  lines  of  force 
will  flow  into  the  iron  core  of  the  armature  in  this  space.  As 
a  matter  of  fact,  the  influx  is  not  limited  to  this  space,  but 
extends  a  considerable  distance  on  either  side,  but  what  goes 
on  beyond  wires  2  and  6  does  not  concern  us  at  present.  The 
inflowing  lines  are,  of  course,  being  cut  by  wires  2,  3,  4,  and  5, 
and  in  these  wires  an  upward  E.M.F.  is  accordingly  set  up. 
Consider  now  what  happens  to  wire  3.  As  soon  as  its  com- 
mutator segment  emerges  from  under  the  toe  of  the  brush,  it 
ought  to  carry  a  downward  current,  but  it  cannot  do  so, 
because  in  it  acts  an  upward  E.M.F.  which  stems  back  the 
flow  of  current.  The  result  is  that  the  current  is,  so  to  speak, 
squeezed  out  at  the  commutator  segment  and  forced  to  leap 
across  the  air  into  the  brush,  thus  producing  the  sparking  at 
the  brush.  This  sparking  is,  therefore,  directly  due  to  the 
field  produced  by  the  collective  action  of  the  armature  wires. 
But  this  is  not  all.  In  addition  to  this  field,  each  wire 
produces  individually  a  kind  of  magnetic  whirl  round  itself, 
which  acts  in  the  same  way  as  the  collective  field.  In  other 
words,  each  wire  has  a  certain  amount  of  self-induction,  which 
opposes  any  sudden  change  in  the  strength  or  direction  of 
current.  The  only  remedy  for  sparking  is,  therefore,  to  devise 
some  means  by  which  these  changes  can  take  place  gradually — 
that  is  to  say,  by  which  each  wire  shall  be  prepared,  whilst 
under  the  brush,  for  the  current  it  will  have  to  carry  when  it 
emerges  from  under  the  brush.  The  natural  means  of  accom- 
plishing this  object  is  to  let  the  short-circuited  wires  be  acted 
upon  by  a  downward  E.M.F.  Thus,  if  wire  3  at  the  moment 
to  which  Fig.  72  refers  is  already  carrying  the  same  current  as 
wire  2,  there  will,  at  the  moment  of  separation,  be  no  E.M.F. 
between  the  toe  of  the  brush  and  the  commutator  segment 
belonging  to  wire  3,  and  there  will  be  no  sparking.  The 
downward  E.M.F.  is  produced  by  lines  coming  out  of  the 
armature — that  is  to  say,  by  a  flux  of  the  same  nature  as  is 
produced  by  the  south  pole-piece.  All  we  have  to  do,  therefore, 
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to  prevent  sparking  is  to  advance  the  brush  in  the  direction  of 
rotation,  so  far  as  to  bring  the  short-circuited  wires  sufficiently 
under  the  influence  of  the  south  pole-piece. 

We  have  thus  arrived  at  the  following  result,  which  is  easily 
verified  by  experiment.  If  we  leave  the  brushes  exactly  midway 
between  the  pole-pieces  we  have  a  commutation  of  the  same 
kind,  though  not  quite  as  bad,  as  with  an  armature  revolving 
in  air,  and  there  will  be  sparking,  more  or  less.  If  we  shift 
the  brushes  forward,  and  if  the  magnet  field  is  strong  enough 
in  comparison  with  the  field  produced  by  the  armature  current, 
we  can  find  a  position  where  there  will  be  sparkless  collection. 
The  proviso  that  the  magnet  field  must  be  strong  enough  is 
of  importance,  as  will  be  shown  latter  on.  For  the  present  it 
suffices  to  note  that  the  brushes  must  be  shifted  forwards  in 
a  dynamo,  and  from  what  has  been  said  above  it  will  be 
obvious  that  the  amount  of  forward  displacement,  or  "lead," 
as  it  is  technically  termed,  must  increase  with  the  current. 
The  amount  of  lead  depends  on  the  relative  strength  of 
armature  and  magnet  field,  on  the  shape  of  the  pole-pieces,  the 
number  of  armature  conductors  to  each  section  of  the  com- 
mutator, and  on  the  winding  of  the  armature. 

In  a  motor  the  direction  of  current  through  the  armature  is 
reversed,  and  consequently,  to  get  sparkless  collection,  we 
must  shift  the  brushes  backward. 

In  the  above  explanation  of  the  process  of  commutation  no 
account  was  taken  of  the  internal  wires  of  the  ring.  We  have 
only  spoken  of  the  collective  field  produced  by  the  outside 
armature  conductors  and  the  magnetic  whirl  in  each  conductor. 
This  is  all  that  has  to  be  considered  in  a  drum  where  there 
are  only  outside  conductors ;  but  in  a  ring  we  have,  besides 
these,  also  inside  conductors,  and  we  have  therefore  an  inside 
and  an  outside  field  (Fig.  73),  and  self-induction  in  the  inside 
and  outside  wires.  There  is  consequently  greater  tendency 
to  sparking  in  a  ring  than  in  a  drum,  and  a  greater  lead  is 
required  to  bring  the  brushes  into  the  sparkless  position. 

The  grouping  of  the  winding  has  also  an  influence  on  the 
tendency  to  sparking,  and  consequently  on  the  lead.  If  to 
each  commutator  segment  there  corresponds  not  one  turn,  but 
a  coil  of  many  turns  of  wire,  the  self-induction  of  the  coil  will 
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be  very  much  greater  than  that  of  a  single  turn,  and  con- 
sequently we  shall  require  a  stronger  field  for  reversal.  The 
modern  practice  is,  therefore,  as  far  as  possible  to  reduce  the 
number  of  wires  or  turns  controlled  by  each  segment  of  the 
commutator  ;  in  other  words,  to  employ  a  large  number  of 
sections  in  the  commutator.  The  influence  of  these  details 
will  be  dealt  with  more  fully  later  on. 


FIG.  73. 

It  is  useful  to  enquire  what  part  the  element  of  time  plays 
in  the  process  of  commutation.  We  have  seen  that  the 
current  in  each  wire  must  be  stopped  and  restarted  whilst  the 
wire  is  advancing  from  the  position  6  to  the  position  2  (Fig.  72). 
The  whole  process  of  commutation  must,  therefore,  be  com- 
pleted within  the  time  occupied  in  the  transition  of  the  wire 
from  the  one  to  the  other  position ;  and  as  this  time  will  be 
the  shorter  the  higher  the  speed  of  the  armature,  it  might  at 
first  sight  appear  more  difficult  to  get  sparkless  collection  at 
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high  than  at  low  speeds,  or  that  the  lead  must  be  greater  at 
high  than  at  low  speeds.  This,  however,  is  not  the  case.  It  is 
true  that  the  E.M.F.  required  to  kill  off  the  old  and  start  the 
new  current  in  each  wire  must  be  the  greater  the  shorter  the 
time  available  for  the  whole  process ;  but  then  we  must 
remember  that  this  E.M.F.  is  produced  by  the  cutting  of 
lines,  and  is,  therefore,  directly  proportional  to  the  product 
of  the  speed  and  the  density  of  flux  in  the  region  between 
2  and  6.  The  higher  the  speed  the  greater  is  the  E.M.F. 
producing  commutation,  and  that  is  just  what  is  required,  so 
that  the  tendency  to  sparking  is  not  directly  dependent  on  the 
speed.  If  we  leave  the  strength  of  the  magnet  field  constant, 
and  so  adjust  the  resistance  of  the  external  circuit  that  the 
current  remains  constant,  then  we  may  either  work  at  a  low 
speed  (producing  a  low  E.M.F.),  or  a  high  speed  (producing  a 
high  E.M.F.),  and  if  there  is  no  sparking  in  one  case,  there 
will  be  none  in  the  other.  But  if  we  have  adjusted  the 
machine  for  low  speed  and  low  E.M.F.  and  wish  to  work  it 
at  high  speed  without  altering  the  E.M.F.,  then  it  becomes 
necessary  to  weaken  the  magnet  field ;  and  in  this  case  it  may 
happen  that  the  machine  will  spark,  and  the  sparking  will  be 
due,  not  to  the  high  speed  in  itself,  but  to  the  fact  that  the  high 
speed  necessitates  the  employment  of  a  weaker  field,  which 
may  be  insufficient  to  produce  proper  commutation. 

But  we  have  hitherto  considered  only  the  dynamical  process 
of  commutation.  The  E.M.F.  produced  by  the  commutating 
field  is  partly  absorbed  in  overcoming  the  ohmic  resistance  at 
the  brush  contacts,  and  must,  therefore,  be  the  greater,  the 
greater  this  contact  resistance.  If  the  peripheral  speed  of 
the  commutator  be  very  high,  the  brushes  must  not  bear  too 
heavily  for  fear  of  heating  by  mechanical  friction.  This 
involves  greater  resistance  at  the  contact  surfaces.  More- 
over, the  brushes  may  be  inclined  to  jump  a  little,  and  there 
is  also  the  danger  that  with  high  speeds  particles  of  metal 
may  be  detached  and  cause  sparking.  These  are  phenomena 
which  are  connected  only  indirectly  with  the  dynamical 
process  of  commutation,  but,  nevertheless,  may  affect  the 
running  of  the  machine  so  far  as  sparking  is  concerned.  To 
these  secondary  influences  must  be  ascribed  the  fact  that 
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sparkless  running  is  much  easier  to  obtain  in  practice  with  a 
low  peripheral  speed  of  the  commutator  than  with  a  high  one. 

Armature  Back  Ampere-Turns. 

We  have  seen  that  a  certain  part  of  the  magnet  field — 
namely,  the  fringe  of  it  at  the  leading  polar  edge — is  required 
simply  and  solely  for  commutation.  This  part  of  the  field 
contributes  nothing  to  the  total  armature  E.M.F.,  and  must, 
therefore,  be  considered  as  a  loss  so  far  as  the  useful  work  of 
the  machine  is  concerned.  This  will  help  us  to  understand 
the  difference  in  the  working  of  the  machine  when  running 
idle  and  loaded.  In  the  former  case  the  brushes  are  set 
midway  between  the  poles,  and  the  whole  of  the  flux  is 
producing  E.M.F.  When  the  machine  is  running  loaded,  we 
are  obliged  to  put  the  brushes  forward,  and  thus  we  lose 
some  of  the  flux  and  the  E.M.F.  produced  is  smaller.  This 
accounts  for  the  fact  that  the  static  E.M.F.  is  always  higher 
than  the  dynamic  E.M.F.  In  addition  to  this  difference 
there  must  also  be  taken  into  account  the  loss  of  E.M.F. 
due  to  armature  resistance,  so  that  the  pressure  measured 
at  the  brushes  when  the  machine  is  doing  work  is  perceptibly 
lower  than  when  running  on  open  circuit. 

The  reduction  of  voltage  due  to  armature  reaction  may  also 
be  represented  in  another  way.1  Fig.  74  shows  the  direction 
of  current  in  the  different  armature  wires  and  the  position  of 
the  brushes,  which,  for  the  sake  of  simplicity,  are  supposed  to 
lie  directly  on  the  wires,  the  commutator  being  omitted  in  the 
illustration.  We  have  seen  that,  in  order  to  obtain  sparkless 
commutation,  it  is  necessary  to  shift  the  brushes  so  far  forward 
that  the  short-circuited  wires  come  within  the  influence  of  the 
leading  edges  of  the  poles.  Whether  the  position  thus  defined 
be  exactly  under  the  polar  edges  or  at  a  little  distance  from 
them,  depends  upon  a  variety  of  considerations  into  which  we 
need  not  enter  at  present.  It  is  sufficient  to  say  that,  in 
practice,  the  sparkless  position  for  full  current  comes  generally 
very  near,  though  does  not  necessarily  coincide  with,  the  polar 
edges.  Although  it  is  not  essential  that  in  good  machines  the 

1  Esson  and  Swinburne.  Journal  of  the  Institution  of  Electrical  Engineers, 
vol.  xv.,  1886;  vol.  xix.,  1890;  and  vol.  xx.,  1891. 
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lead  should  be  sufficient  to  make  the  brushes  coincide  with  the 
polar  edges,  we  may  accept  the  angle  a  between  the  vertical 
and  the  radius  to  the  pole-edge  as  a  first  approximation. 
Since  commutation  takes  place  on  the  diameter  A  A,  we  have 
a  down  current  in  all  the  wires  to  the  right  and  an  up  current 
in  all  the  wires  to  the  left  of  this  line.  If  the  armature  were 
out  of  its  field,  the  effect  would  be  to  produce  a  flux  of  lines 


FIG.  74. 

coming  out  of  the  armature  core  at  the  top  of  the  diameter 
A  A,  and  entering  it  at  the  right  hand  at  the  bottom,  showing 
respectively  north  and  south  polarity  in  these  two  regions 
(see  also  Fig.  73).  Since,  however,  the  armature  is,  so  to  speak, 
in  the  grip  of  the  field  magnets,  these  polarities  cannot  be 
developed  the  same  way,  although  the  tendency  to  develop 
them  still  exists,  and  we  may  consider  the  flux  actually  pro- 
duced as  the  resultant  of  the  flux  due  to  the  magnets  alone,  and 
that  due  to  the  armature  alone.  Following  Esson's  method  of 
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representing  the  excitation  which  produces  the  latter,  we  may 
consider  the  magnetising  action  of  the  armature  wires  as 
resulting  from  two  groups  of  coils  placed  at  right  angles 
to  each  other  —  namely,  a  vertical  coil,  comprising  the  wires 
a  to  b  at  the  top  and  c  to  d  at  the  bottom  of  the  armature, 
and  a  horizontal  coil,  comprising  the  wires  a  to  c  on  the 
left  and  b  to  d  on  the  right-hand  side  of  the  armature. 
The  former  coil  tends  to  produce  a  flux  which  is  directly 
opposed  to  that  produced  by  the  field  magnets,  and  the  latter 
a  flux  at  right  angles  to  it.  Esson  calls  the  corresponding 
turns  on  the  armature  "  back  turns  "  and  "  cross  turns." 

The  flux  due  to  the  field  magnets  may  be  considered  as 
produced  by  a  current,  X,  equal  to  the  total  field  exciting 
power  flowing  up  in  the  single  wire,  W,  passing  between  the 
limbs  of  the  magnets  (compare  Figs.  22  and  23).  It  was 
shown  in  Chapter  V.  that  such  a  current  has  the  same  effect 
as  that  in  coils  surrounding  the  magnet  limbs,  and  this  effect 
is  independent  of  the  precise  position  of  the  wire,  W.  So 
long  as  this  wire  passes  between  the  two  limbs  within  the 
space  bounded  by  the  yoke  on  the  top  and  the  armature 
below,  it  will  produce  the  same  flux.  It  is  obvious  that  we 
may  consider  all  the  wires  from  a  to  b  magnetically  in  the 
same  condition  as  wire  W,  for  they,  too,  are  within  the 
space  bounded  by  the  armature  limbs  and  yoke,  but  the 
current  in  these  wires  is  in  the  opposite  direction  to  that 
in  W.  The  total  exciting  power  applied  to  the  magnets  is, 
therefore,  X  minus  the  product  of  back  turns  and  current 
flowing  through  them,  technically  termed  "armature  back 
ampere  -turns."  Using  for  the  latter  the  symbol  X&  and 
retaining  the  previous  notation,  we  have 


c  being  the  current  through  one  armature  conductor.  This 
formula  is  applicable  to  bipolar  and  multipolar  machines,  but 
can  be  more  conveniently  used  if  we  replace  the  angle  of 
lead  by  the  gap  g  between  opposite  polar  edges.  Calling  d 
the  diameter  of  the  armature,  the  number  of  wires  within 
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the  gap  is  r  -  —  -  ,  and  the  back  ampere-turns  are  given 
TT  (d  +  28) 

by  the  expression 


=    TC 


TT  (a  +  2  8} 


In  deriving  this  formula  we  have  made  two  suppositions  : 
firstly,  that  the  brushes  coincide  with  the  polar  edges,  and, 
secondly,  that  the  distance  between  the  conductors  forming  one 
coil  is  approximately  equal  to  the  distance  from  pole  centre  to 
pole  centre.  If  the  machine  has  a  strong  field,  the  first  condi- 
tion will  not  apply  ;  the  distance,  g,  is  less  than  that  between  the 
polar  edges.  In  the  section  devoted  to  armature  cross  ampere- 
turns  (page  226),  it  is  shown  how  the  induction  under  the 
pole-edges  may  be  estimated.  A  certain  minimum  induction 
dependent  upon  the  construction  of  the  armature  is  necessary 
for  sparkless  commutation,  and  since  the  amount  can  be  only 
approximately  determined,  it  is  advisable  to  so  arrange  the 
field  that  the  induction  under  the  pole-edges  is  considerably 
greater  than  this  minimum  value.  But  since,  on  the  other 
hand,  too  strong  a  field  of  commutation  is  equally  detrimental 
as  regards  sparking  as  too  weak  a  commutating  field,  it  follows 
that,  as  a  rule,  the  brushes  must  not  be  quite  coincidal  with  the 
polar  edges.  Hence  equation  (41),  as  a  rule,  gives  slightly 
too  high  a  value  for  the  armature  back  ampere-turns. 

The  second  of  the  above-mentioned  suppositions  generally 
applies.  In  bipolar  machines  the  two  halves  of  one  complete 
winding  lie  diametrically  opposite  each  other,  in  four-pole 
machines  at  an  angle  of  90  deg.,  in  six-pole  machines  at 
an  angle  of  60  deg.,  and  so  on.  Now,  we  may  reduce  the 
armature  back  ampere-turns,  as  mentioned  on  page  148,  by 
using  segment  winding.  A  winding  table  for  segment  winding 
is  given  on  page  149.  Since  in  this  case  the  armature  is  series 
wound,  the  one  segment  must  be  shorter  and  the  other 
longer  than  that  of  an  arc  of  go  deg.  We  had  ys  =-  21  (short 
segment)  andjyr  =  37  (long  segment).  In  Fig.  75  the  position 
of  the  negative  brush  is  marked  -  B,  and  that  of  the  positive 
brush  +  B.  Tracing  the  current  with  the  aid  of  the  winding 
table  on  page  149,  we  find  that  its  direction  is  as  indicated 
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in  Fig.  75.  Over  those  portions  of  the  armature  filled  in 
black,  the  current  in  each  wire  has  a  downward  direction  ; 
in  the  portions  left  white  the  flow  in  each  wire  is  upwards, 
while  over  the  shaded-in  portions  the  direction  of  flow  in  the 
wires  is  alternately  upwards  and  downwards.  These  parts 
have,  therefore,  no  demagnetising  influence  on  the  field.  If 
the  relative  position  between  the  brushes  and  field  is  as  shown 
in  the  illustration,  then  the  armature  back  ampere-turns  can 
only  be  due  to  the  wires  lying  between  the  points  a  and  b  and 
in  similarly  situated  wires ;  whereas  in  an  armature  with 


FIG.  75. 


ordinary  winding  they  would  be  proportional  to  the  distance 
ac.  Hence  it  follows  that  the  armature  back  ampere-turns 
have  been  reduced  to  about  a  third  of  the  value  given  by 
formula  (41).  The  reduction  might,  indeed,  be  even  greater  if 
the  pole-breadth  were  increased,  so  as  to  reduce  the  distance 
a  b.  But  that  would  not  be  advisable,  since  it  would  make  the 
machine  too  sensitive  when  adjusting  the  brushes.  This  is 
at  once  clear  when  it  is  remembered  that  a  lead  equal  to  half 
the  distance  a  b  gives  the  wires,  c  c1,  a  symmetrical  position 
relative  to  the  leading  and  trailing  polar  edges,  in  which 
position  the  commuting  E.M.F.  is  naturally  ineffective. 
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With  regard  to  the  possible  play  of  the  brushes,  this  machine 
is,  therefore,  the  equivalent  of  a  machine  having  an  ordinarily- 
wound  armature  and  poles  broader  by  the  distance  b  c.  It 
must  also  be  observed  that  the  E.M.F.  necessary  for  commu- 
tation in  a  segment-wound  armature  can  act  only  in  one  half 
of  each  coil  (in  c,  not  in  c1),  whereas  in  the  case  of  an  ordinary 
winding  it  acts  in  both  halves  of  the  coil.  Segment  winding 
necessitates,  therefore,  a  somewhat  stronger  commuting 
field.  In  multipolar  machines  a  relatively  smaller  distance 
is,  for  constructional  reasons,  allowed  between  the  edges  of 
adjoining  pole-pieces  (distance  a  c),  and  since  to  obtain  con- 
venient setting  of  the  brushes  the  distance  a  b  must  not  be  too 
small,  there  does  not  remain  much  margin  for  be — that  is  to 
say,  the  segment  must  not  vary  much  from  the  2  ^>-th  part  of 
the  circumference.  The  employment  of  segment  winding  is 
then  scarcely  worth  the  trouble.  For  machines  with  few  poles 
(two  or  four)  the  conditions  are  different.  In  order  to  obtain 
sparkless  running  we  endeavour  to  keep  the  pole-pieces  as 
small  as  possible,  making  the  distance  a  c  relatively  large. 
But  this  necessitates  many  armature  back  ampere-turns,  and 
it  is  then  advantageous  if  by  employing  segment  winding  we 
can  reduce  them  to  about  a  third  or  a  fourth  of  their  normal 
value.1 

Dynamic  Characteristic. 

The  actual  field  produced  is  that  due,  not  to  X  alone, 
but  to  X  -  X6i  and  this  correction  must  be  taken  into  account 
when  plotting  the  dynamic  characteristic  of  magnetisation. 
It  is  obvious  that  such  a  characteristic  can  only  be  plotted 
for  a  definite  armature  current,  and  that  we  require  a  separate 
curve  for  each  current.  It  must  also  be  pointed  out  that 
formula  (41)  will  give  rather  too  large  a  value  for  the  back 
ampere-turns  on  the  armature  (and  consequently  too  low  a 
characteristic),  especially  when  the  current  is  small,  the  reason 
being  that  the  diameter  of  commutation  in  good  machines  is, 
even  with  full  current,  not  quite  in  line  with  the  polar  edges, 
and  with  a  small  current  the  lead  must  be  still  further  reduced. 
The  error  may  be  corrected  by  assuming  for  g  a  smaller  value 

1  See  Mordey's  paper  on  "Dynamos,"  Electrical  Engineer,  vol.  xix,  p.  725. 
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than  measured  from  the  drawing;  and  as  this  is  a  matter 
which  must  be  left  to  the  judgment  of  the  calculator,  the 
predetermination  of  the  dynamic  characteristic  cannot  be 
made  with  the  same  accuracy  as  that  of  the  static  charac- 
teristic. The  probable  errors  are,  however,  very  small.  The 
armature  back  ampere-turns  are  for  full  current  generally 
from  one-tenth  to  one-fifth  of  the  field  exciting  power. 
For  half  current  they  range  from  one-twentieth  to  one- 
tenth,  or,  say,  an  average  of  8  per  cent.  If,  then,  in 
estimating  g  we  should  make  an  error  even  so  large  as 
50  per  cent.,  it  would  only  cause  an  error  of  4  per 


cent,  in  the  determination  of  the  total  exciting  power,  and 
owing  to  the  shape  of  the  curve,  a  very  much  smaller  error 
in  the  determination  of  the  useful  field  and  armature  E.M.F. 
For  practical  purposes  this  method  of  calculation,  which  has 
been  independently  devised  by  Mr.  Esson  and  Mr.  Swinburne, 
is,  therefore,  sufficiently  accurate. 

The  plotting  of  the  dynamic  characteristic  from  the  static 
is  a  very  simple  process.  Let  O  M  in  Fig.  76  be  the  static 
characteristic  and  A  one  point  on  it.  Then  O  B  =  X  represents 
the  exciting  power  corresponding  to  the  flux  B  A.  Measure 
back  from  B  a  distance  B  C  =  X&  representing  the  back 
ampere-turns  of  the  armature,  then  O  C  =  X  —•  X&  represents 
the  actual  exciting  power  producing  the  useful  flux,  C  D. 
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Drawing  a  horizontal  through  D  to  the  point  of  inter- 
section with  BA,  we  obtain  the  point  E  on  the  dynamic 
characteristic.  We  can  obtain  any  number  of  such  points 
by  simply  drawing  horizontal  lines  through  the  static  charac- 
teristic and  measuring  off  to  the  right  on  each  a  distance 
representing  the  back  ampere-turns  of  the  armature.  We  thus 
obtain  the  curve  Mx  M2.  Here,  again,  a  slight  correction  is 
required.  It  has  already  been  explained  that  g  in  formula  (41) 
is,  strictly  speaking,  not  constant,  but  varies  with  the  current. 
But  it  also  varies  with  the  strength  of  the  field  if  the  current 
is  constant.  We  have  seen  that  commutation  generally  takes 
place  in  the  fringe  of  the  field,  and  that  the  fringe  must  be 
of  a  certain  strength  to  counteract  the  self-induction  in  the 
armature  wires.  If,  then,  from  any  cause  the  field  as  a  whole 
is  weakened,  its  fringe  is  also  weakened,  and  to  obtain  suffi- 
cient field  strength  for  commutation  we  must  further  advance 
the  brushes  so  as  to  utilise  a  stronger  part  of  the  fringe.  This 
increases  the  armature  back  ampere-turns  and  further  weakens 
the  field,  necessitating  a  further  advance  of  brushes,  and  this 
may  go  on  until  the  brushes  are  actually  under  the  polar 
edges.  After  this  point  has  been  reached,  no  further  advance 
of  the  brushes  can  increase  the  back  ampere-turns,  since  the 
pole-pieces  shield  the  magnet  limbs  from  the  action  of  the 
armature  wires.  Commutation  then  takes  place,  not  in  the 
fringe  of  the  field,  but  within  the  field  itself;  and  by  so 
shaping  the  magnets  and  pole-pieces  that  the  induction  is 
the  same  all  through  the  polar  cavity,  we  can  obtain 
sparkless  collection  at  all  points  from  the  edge  to  the  centre 
of  the  pole-pieces.  This  property  is  taken  advantage  of  in 
the  construction  of  arc  light  machines,  and  latterly  also  in 
boosters  for  accumulator  installations,  designed  for  constant 
current  and  variable  voltages ;  the  variation  in  voltage  being 
produced  by  an  automatic  relay  gear,  which  shifts  the  brushes 
forward  on  a  slight  increase  and  backward  on  a  slight  decrease 
of  current. 

Returning  now  to  the  ordinary  condition  of  working,  we 
have  seen  that  the  nearer  the  diameter  of  commutation  comes 
to  the  polar  edges,  the  greater  is  the  demagnetising  effect  of 
the  back  turns  ;  and  since  we  must  give  more  lead  as  the  field 
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strength  is  diminished,  it  follows  that  in  plotting  the  dynamic 
from  the  static  characteristic  we  must  increase  the  distance 
D  E  when  working  on  the  lower  part  of  the  curve,  and  reduce 
it  on  the  higher  part. 

D!  E!  >  D  E  >  D2  E2. 

This  is  again  a  matter  which  must  be  left  to  the  judgment 
of  the  calculator.  In  constant-voltage  machines  where  it  is 
for  commercial  reasons  advisable  to  work  over  a  region  fairly 
high  up  on  the  characteristic,  the  two  curves  come  so  near 
together  that  an  error  in  estimating  the  variation  in  the  length 


FIG.  77. 

D  E  has  little  influence  on  the  final  result.  Moreover,  it 
should  be  remembered  that  formula  (41)  gives  us  the  greatest 
possible  amount  of  armature  back  ampere-turns  if  we  insert 
the  gap  distance  measured  on  the  drawing,  so  that  if  we 
neglect  the  correction  altogether  the  voltage  of  the  machine 
may  come  out  slightly  too  high,  but  never  too  low.  A  fault  of 
this  kind  can,  of  course,  be  very  easily  compensated  for  in 
the  finished  machine. 

Fig.  77  shows  the  static  curve  of  Fig.  71  with  the  dynamic 
added,  the  latter  being  drawn  from  the  lowest  point  at  which 
sparkless  collection  is  just  possible,  and  when  the  diameter  of 
commutation  coincides  with  the  polar  edges  to  the  highest 
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point,  when  half  this  lead  is  assumed  to  be  necessary  for 
sparkless  collection. 

An  interesting  case  is  that  of  a  series  machine.  In  such  a 
machine  the  armature  current  traverses  the  field  winding,  and 
the  exciting  power  is,  therefore,  strictly  proportional  to  the 
current.  The  total  field  strength,  and,  therefore,  also  the 
strength  of  the  fringe  producing  commutation,  increases  with 
the  armature  back  turns ;  and  by  properly  designing  the 
machine,  it  is  possible  to  keep  the  lead  constant  over  a  fairly 
large  range  of  output.  In  this  case  the  exciting  power 
is  proportional  to  the  main  current,  and  we  may  draw  the 
characteristic  so  as  to  represent  the  relation  between  current 
and  field  strength,  or  if  the  speed  be  constant,  between  current 
and  armature  E.M.F.  In  plotting  the  dynamic  characteristic 
we  must,  therefore,  make  the  length  D  E  (Fig.  76),  not  a 
constant,  but  proportional  to  O  B,  and  it  follows  that  the 
dynamic  characteristic  now  passes  through  the  origin,  O,  of 
the  co-ordinates.  Fig.  78  shows  this  characteristic  for  the 
machine  to  which  the  magnetisation  curve  (Fig.  71),  refers ; 
O  S  is  the  static  E.M.F.  curve  for  constant  speed  which  we 
would  obtain  by  exciting  the  magnets  separately  and  measuring 
the  brush  volts  ;  O  D  is  the  dynamic  characteristic. 

The  terminal  pressure  of  the  machine  is  the  difference 
between  the  dynamic  E.M.F.  and  the  loss  of  volts  through 
the  ohmic  resistance  of  armature  and  magnet  coils.  The 
pressure  thus  lost  is,  of  course,  proportional  to  the  current, 
and  may  be  represented  to  the  same  voltage  scale  as  the 
E.M.F.  curves  by  the  straight  line,  O  R,  The  length  of 
ordinates  between  O  R  and  O  D  gives,  therefore,  terminal 
volts,  and  by  plotting  these  values  over  the  horizontal  as  a 
base  we  obtain  the  curve  O  T,  giving  the  pressure  at  the 
terminals  as  a  function  of  the  current.  This  curve  is  called 
the  "  external  characteristic,"  to  distinguish  it  from  the  curve 
O  D,  which  is  sometimes  called  the  "  internal  characteristic." 
It  will  be  noticed  that  the  external  characteristic  has  a 
tendency  to  droop  as  the  current  increases,  and  does,  indeed, 
droop  considerably  when  the  current  has  become  so  large  that 
the  balance  between  armature  reaction  and  the  strength  of  the 
fringe  of  the  field  producing  commutation  is  no  longer  main- 
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tained,   and   it   becomes   necessary   to   advance   the   brushes 
(dotted  part  of  the  curves)  in  order  to  get  sparkless  collection. 


This  [drooping  of  the  terminal  E.M.F.  curve  is  especially 
noticeable  in  machines  of  older  construction,  in  which  both 
the  resistance  and  armature  reactions  are  large.  In  modern 
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machines  having  comparatively  strong  fields  and  small  arma- 
tures, the  armature  reaction  is  slight,  and  there  is  but  little 
loss  of  E.M.F.  through  resistance.  With  such  machines, 
unless  considerably  overloaded,  there  is  no  droop  in  the 
characteristic.  An  exception  to  this  rule  is,  however,  formed 
by  the  various  types  of  open-coil  armatures  used  for  arc 
lighting.  In  these  machines  the  armature  reaction  is  enor- 
mous, producing  a  very  decided  droop  in  the  characteristic, 
which  is,  however,  a  positive  advantage,  as  it  protects  the 
machine  from  excessive  strains  when  overloaded  or  short- 
circuited.  A  drooping  characteristic  is  also  advantageous  for 
series  arc  lighting. 

We  have  now  to  consider  the  part  played  in  the  working  of 
a  machine  by  the  cross  turns  on  the  armature — namely,  the 
wires  a  to  c  and  b  to  d  (Fig.  74).  Each  group  is  obviously 
equivalent  to  a  sheet  of  current  flowing  between  two  parallel 
iron  surfaces  of  breadth  X  and  the  distance  5  apart,  the  total 

strength  of  current  being  r  c whilst  the    linear    current 

TT  d, 

density  per  inch  or  centimetre  is  ^4  =  A. 

7T  d 

To  determine  the  effect  of  the  sheet  of  current  on  the 
induction  between  the  two  surfaces,  we  suppose  the  latter  to 
be  straightened  out  into  a  plane  (Fig.  79),  where  AA  represents 
the  surface  of  the  armature,  P  P  that  of  the  pole,  and  C  C  the 
sheet  of  current.  Selecting  any  point  p  on  the  pole-face  at  a 
distance  a  from  the  centre,  we  find  that  the  induction  within 
the  air-space  at  p  is  due  to  the  action  of  all  the  current 
elements  to  the  right  and  left  of  that  point,  the  integration 
being  extended  to  the  edges  of  the  polar  face.  A  current 
element,  A  d  y,  at  the  distance  y  from  p  produces  a  mag- 
netising force  H  -  ^^  y,  and  this  integrated  over  all  the 
2  o 

elements  to  the  right  of  p  gives  the  induction  through  p  due 
to  that  part  of  the  current  sheet  which  lies  to  the  right  of  p. 
Neglecting  the  comparatively  very  small  magnetic  resistance 
of  -the  iron  part  of  the  path  of  lines,  this  induction  is 

"         _  -  a  ).       In  a  similar  manner  we  find   the   induc- 
2          / 
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tion  due  to  that  part  of  the  current  sheet  which  lies  to  the 

left  of  p,  or    4  ^     (-  +  a).     This  is  obviously  of  the  oppo- 

2  S     \2         ' 

site  sign,  and  the  resultant  induction  is  the  algebraical  sum 
of  these  two  values  —  namely  : 


2  a,  or 


2  S 

For  a  =  o  —  that  is,  for  the  centre  of  the  pole-piece  —  the 
induction  is  zero,  and  for  a  =  —  —  that  is,  for  the  edges  of 
the  pole-piece  —  it  is  a  maximum,  being  positive  for  one  and 


ft, 


FIG.  79. 

negative  for  the  other  edge,  as  shown  by  the  sloping  line,  B  B. 

.    i' 2  $6  A  A       i '2*56  A 

Its  value  is  — 3 = ±-  T  c  — . 

20  26  7T  d 

This  is  the  induction  due  to  the  armature  cross-turns  only, 
but  in  addition  there  is  the  induction  due  to  the  exciting  coils 
on  the  field  magnets,  and  to  find  the  true  induction  within  the 
air-space  we  must  add  these  two  values.  In  Fig.  80  is  repro- 
duced the  line  Bx  B2,  but  with  the  ends  joined  to  the  axis  of 
abscissae  by  sloping  lines,  B0  B!  and  B3  B2,  as  it  is  obvious 

15* 
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that  the  induction  cannot  abruptly  change  from  nothing  to  a 
maximum  at  the  polar  edges.  There  must  be  a  kind  of  fringe 
also  to  the  field  of  induction  produced  by  the  armature  current, 
as  there  is  a  fringe  to  the  field  of  induction  produced  by  the 
exciting  coils.  The  field  induction  is,  of  course,  constant  over 
the  whole  of  the  polar  face,  and  is  represented  in  Fig.  80  by 
the  horizontal  line,  Pl  P2,  whilst  the  fringes  are  represented 
by  the  sloping  lines,  P0  PI  and  P3  P2.  The  true  induction  is 


FIG.  80. 

found  by  combining  the  two  diagrams,  which  gives  us  the  line 
PO  DI  D2  P3. 

This  curve  can  also  be  obtained  experimentally.1  Let,  in 
Fig.  81,  C  represent  the  commutator,  and  A  a  piece  of  fibre  or 
other  insulating  material  through  which  two  holes  have  been 
drilled  for  the  reception  of  two  pointed  wires,  bent  down  on  to 
the  commutator.  Care  must  be  taken  to  make  the  distance 
between  the  points  equal  to  the  pitch  of  the  sections,  and  to 
keep  the  points  fairly  sharp,  so  that  the  surface  of  contact  of 

1  First  suggested  by  Prof.  S.  P.  Thompson,  a  voltmeter  being  used  instead  ^of. 
condenser,  key,  and  galvanometer. 
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each  shall  be  less  than  the  width  of  the  insulation  between 
the  sections.  Otherwise  there  would  be  flashing  over  from 
one  section  to  the  next.  The  back  ends  of  the  two  wires  are 
connected  with  a  delicate  voltmeter,  or,  better  still,  with 
a  condenser,  B,  discharging  key,  K,  and  ballistic  galvano- 
meter, G.  The  fibre  piece,  A,  is  mounted  on  a  pin,  which 
can  be  set  in  any  desired  position  round  a  graduated  circle 
(not  shown  in  the  diagram)  so  as  to  bring  the  points  of  contact 
successively  into  various  positions  with  regard  to  the  polar 
face.  While  the  key  remains  in  the  position  shown,  the 
condenser  receives  a  charge  which  is  proportional  to  the 


FIG.  81. 


induction  (ordinate  of  the  line  Dl  D2)  in  that  part  of  the  field 
to  which  the  then  position  of  the  piece  A  corresponds.  On 
pressing  down  the  key,  we  discharge  the  condenser  through 
the  galvanometer  and  obtain  a  deflection  which  is,  of  course, 
also  proportional  to  the  induction.  By  plotting  the  angular 
position  of  A,  which  we  read  off  on  the  graduated  circle,  on 
the  horizontal  and  the  throw  of  the  galvanometer  on  the 
vertical,  we  obtain  to  an  arbitrary  scale  the  curve  P0  Dx  D2  P3. 
We  may  also  use  the  same  instrument  to  determine  the 
variation  of  E.M.F.  round  the  commutator1  by  using  only 

1  First  done  by  Mr.  W.  M.  Mordey. 
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one  contact  wire — for  instance,  that  connected  directly  to  the 
condenser — and  connecting  the  back  contact  of  the  key  to 
one  of  the  brushes.  In  this  case  we  obtain  a  curve  of 
E.M.F.  of  the  general  shape  represented  in  Fig.  82.  If  there 
were  no  armature  reaction — that  is,  if  the  readings  were  taken 
when  no  current  is  permitted  to  flow  through  the  armature — 
the  curve  would  be  of  the  general  character  shown  by  the 
dotted  line. 

An  armature  giving  a  diagram  of  the  general  character 
shown  in  Fig.  80  will  run  without  sparking.  The  brush  would 
have  to  be  placed  somewhere  in  the  region  between  P0  and  D0, 


N 


FIG.  82. 

the  exact  spot  depending  on  the  amount  of  induction  required 
to  balance  the  self-induction  of  the  armature  wires ;  but  there 
is,  at  any  rate,  a  sufficiently  strong  field  to  produce  com- 
mutation. In  other  words,  the  armature  cross-induction  is 
small  as  compared  with  the  forward  induction  produced  by 
the  field  winding.  Now  let  us  enquire  how  the  matter  stands 
if  the  armature  cross-induction  is  comparatively  large.  Let 
us,  for  instance,  assume  that  D0  BX  is  larger  than  D0  Px.  In 
this  case  the  point  Dj  (Fig.  83)  falls  below  the  axis,  and  the 
field  under  the  influence  of  which  commutation  takes  place 
becomes  negative.  There  may  or  may  not  be  the  small  hump 
near  P0.  This  depends  on  the  shape  of  the  polar  edges.  It  may 
be  just  possible  to  obtain  sparkless  collection  by  placing  the 
brush  into  the  position  E,  but  this  would  be  merely  a  chance 
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success  upon  which  no  prudent  designer  should  rely.  I  only 
mention  this  as  affording  a  possible  explanation  of  the  few  cases 
in  which  sparkless  collection  has  been  obtained  with  machines 
in  which  the  armature  cross -induction  exceeded  the  field 
induction.  As  a  general  rule,  we  may,  however,  take  it  that 
under  such  circumstances  sparkless  collection  is  impossible. 
In  order  to  get  sparkless  collection  it  is  obvious  that  the  point 
D  must  remain  above  the  axis,  and  that,  therefore,  D0  B! 
must  be  smaller  than  D0  Pj.  This  condition  will  be  obtained 
if  the  ampere-turns  on  the  field  magnets  required  to  overcome 


FIG.  83. 

the  resistance  of  the  air-space  exceed  the  cross  ampere-turns 
of  the  armature.     Calling  the  latter  X\  we  have 

Xa   >   XX, 

where         Xa  =  '8  x  2  S  $o          Xa  =  1,880  x  2  $„  B, 


and 


Xx  -  re -2- 

TT  a 


"V  **u 

X\    =    T  C  —p.. 

vet.. 


The  induction  under  the  leading  polar  edge  is 
«g          1-256  (X«  -  Xx  ) 
—~  -- 


and  under  the  trailing  edge  it  is 

~a      _  1-256  (Xa  +  Xx 

— 
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For  practical  work  it  is  convenient  to  express  the  induction 
under  the  leading  and  that  under  the  trailing  polar  edge  as  a 
function  of  the  average  induction,  since  the  latter  has  to  be 
determined  in  any  case  when  working  out  the  characteristic  of 
magnetisation.  We  have 

i  -  Xx  \  minimum  induction  under  leading 
~X^       /  edge. 

m      —  38    /Xa  +  Xx  \  maximum  induction  under  trailing 
Pa  V 3U )  edge. 

The  condition  for  sparkless  collection  is  that  Pa'  shall  be 
above  a  certain  limit.  Authorities  differ  what  this  limit  should 
be,  and  it  is,  indeed,  not  possible  to  fix  a  limit  that  shall  be 
applicable  to  all  cases.  Thus  in  a  drum-wound  machine  we 
may  allow  a  smaller  value  for  a'  than  in  a  ring-wound 
machine,  the  reason  being  that  the  greater  self-induction  in 
the  coils  of  the  latter  requires  naturally  a  stronger  reversing 
field.  Again,  in  a  machine  where  each  section  of  the  com- 
mutator controls  only  one  turn  of  wire,  we  may  allow  a 
smaller  pa'  than  in  one  where  many  turns  lie  between  each 
section.  The  shape  of  the  pole-pieces,  especially  that  of 
their  leading  edges,  has  also  an  influence  on  the  minimum 
value  which  may  be  safely  allowed  for  Pa' .  Other  elements 
affecting  the  sparking  limit  are  the  type  of  field  winding 
(whether  shunt,  series,  or  compound),  the  use  of  the  machine 
either  as  generator  or  as  motor,  the  amount  of  attention  which 
it  will  receive  in  working,  and  many  other  points.  Where 
there  are  so  many  considerations  affecting  the  design,  and 
especially  where  some  of  them  cannot  be  known  beforehand, 
it  would  obviously  not  be  prudent  to  cut  the  reversing  field 
down  too  low,  although  by  so  doing  we  obtain  a  machine  of 
large  output  in  comparison  to  its  weight.  There  is  also 
another  reason  for  limiting  the  difference  of  field  strength 
under  the  leading  and  trailing  polar  edges,  and  this  is  that 
when  the  field  under  the  trailing  edge  becomes  very  strong 
there  occur  certain  losses,  resulting  in  heating  and  waste  of 
power,  as  will  be  shown  in  Chapter  XIII. 

As  a  rule  a  reversing  field  of  Pa'>  1,500  is  provided  in 
drum  armatures,  and  $a'>2,5oo  C.G.S.  lines  in  ring  arma- 
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tures.  Naturally,  this  rule  does  not  apply  in  every  case, 
since  it  makes  no  allowance  for  some  very  important  details 
essential  to  sparkless  collection.  An  attempt  may  be  made, 
therefore,  in  the  following  to  place  the  rule  on  a  somewhat 
more  scientific  basis.  Let  us  denote  by 

S  the  number  of  segments  in  the  commutator  ; 

s  the  number  of  segments  per  pole  ; 

p  the  number  of  pairs  of  poles  ; 

S=2ps; 

/3  the  width  of  a  segment  relative  to  the  diameter  of  the 

armature  ; 
n  the  number  of  segments  covered  by  a  brush  —  that  is 

to  say,  the  ratio 

Width  of  the  brush  . 

Width  of  a  segment  ' 

q  the  number  of  conductors  or  coils  per  commutator 

segment    (in    drum    armatures    q   cannot    be    less 

than  2)  ; 


L  the  length,  D  the  diameter  of  the  armature. 

The  field  induced  by  the  wires  belonging  to  one  segment 
depends  upon  the  volume  of  current  in  adjacent  wires,  the 
length  of  the  armature,  and  the  disposition  of  the  wires  on  a 
smooth,  slotted,  or  tunnelled  core. 

By  the  current  flowing  in  one  half  of  the  coil   (containing 

q  wires  in  ring  armatures  and  —  wires   in  drum  armatures) 

2 

a  self  -induced  field  is  set  up  proportional  in  strength 
to  the  product  q  i  L.  The  energy  stored  up  in  the  coil 
side  belonging  to  a  segment  is  proportional  to  q2  i2  L. 
If  T  represents  the  total  time  required  for  the  com* 
mutation,  then  during  a  time  which  we  may  take  to  be 

approximately  equal    to    —  ,  this  energy  must  be  taken  from 

the  coil  and  converted  into  mechanical  work,  while  imme- 
diately after  a  similar  quantity  of  energy  must  be  again  stored 
up  in  the  coil.  During  the  initial  half  of  the  period  of  com- 
mutation the  coil  drives,  while  it  acts  as  a  brake  during  the 
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second  half.  This  exchange  of  energy  between  the  driving 
machine  and  the  coil  can,  however,  occur  only  through  electro- 
magnetic induction — that  is  to  say,  through  the  influence  of 
the  commutating  field,  the  line  density  of  which  we  will 
represent  by  1§.  The  energy  given  or  taken  is  then  pro- 
portional to 

/  2  q  18  v  L  id  t, 

J  o 

wherein  both  |i  and  *  are  functions  of  the  time,  while  v  repre- 
sents the  linear  velocity  of  the  armature  wires.  Accurate  data 
relative  to  the  nature  of  these  functions  cannot  be  obtained. 
We  know  only  that  $  increases  with  the  time  and  that 
i  decreases  with  the  time,  at  first  to  zero,  and  then  increases 
again  with  the  time,  but  in  the  reverse  direction.  Confining 
our  attention  to  the  second  half  of  the  period  of  commutation 
and  counting  the  time  from  the  moment  when  i  =  o,  we  may 
say  that  both  |i  and  i  increase  with  the  time,  the  first  from  a 
definite  value  and  the  latter  from  zero  upwards.  Now,  if  the 
work  transferred  is  less  than  that  which  should  be  stored  up 
in  the  coil,  the  current  as  the  coil  emerges  from  under  the 
brushes  will  not  have  attained  its  maximum  value,  i — that  is 
to  say,  the  coil  will  not  be  ready  for  the  reversal  and  new 
current,  sparking  being  the  result.  If,  on  the  other  hand,  the 
work  transferred  exceeds  that  which  is  stored  up  by  the 
current  i,  the  current  must  assume  a  correspondingly  larger 
value,  which  as  the  coil  emerges  from  under  the  brushes  will 
be  suddenly  reduced  to  its  normal  value,  thereby  giving  rise  to 
sparking  as  before.  Equality  between  the  work  transformed 
and  stored  up  is  therefore  essential  to  sparkless  commutation. 
Strictly  speaking,  the  heating  caused  by  the  current  should 
also  be  taken  into  account,  but  it  is  so  slight  that  we  may 
neglect  it  altogether.  Although  we  are  unable  to  adduce  the 
functions  according  to  which  $  and  *  increase  with  the  time, 
it  is,  nevertheless,  safe  to  assume  that  the  work  transferred  is 
proportional  to  the  expression 

•  T    «     T 

qi  L$  v  -  , 

where  1i  represents  a  mean  value   for  the    induction  ruling 
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within  the  zone  of  commutation,  being,  perforce,  smaller  than 
$</.  According  to  the  assumed  law  by  which  the  current 
increases  with  the  time,  the  work  differs.  For  instance,  in 
assuming  that  the  current  is  simply  proportional  to  the  time, 
the  work  would  be  less  than  if  assumed  to  be  a  series  function 

of  the  time  in  the  ratio  of  -  to  —     It,  is,  however,  unneces- 

2  7T 

sary  that  we  should  make  any  assumption  with  regard  to  this 
point,  since  in  establishing  the  equation  between  work  trans- 
ferred and  stored  up  we  must  introduce  a  coefficient  which 
can  be  determined  only  from  actual  experiments  with  finished 
machines.  Denoting  this  coefficient  by  C,  then 

q2i2*L  =  CqiL'$v-, 


(a) 


Now,    v  —    represents   the   path    traversed    by  the   centre 
of  the  coil  during  half  the  period  of  commutation,  whence 
,I-il    .  (6) 

2  2 

Further,     TT  D  =  S/3  -  2psft  -  2psifi  =  -  (3  ; 


wherefore 


q  i  =  C  $  l£  (from  (a)  and  (b)  above) 


It  is  obvious  that  -^-t-  represents  the  linear  density  of  current 

7T  D 

at  the  circumference  of  the  armature.     Denoting  this  by  A,  we 
obtain 

2 
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/-» 

Substituting  finally  for  —  the  constant  C0,  we  obtain  for 
the  mean  induction  in  the  zone  of  commutation  the  expression 

¥  =  C0£       ......     (42) 

The  constant  C0  differs  according  to  the  type  of  the 
armature  (whether  drum  or  ring,  with  smooth,  slot,  or  tunnel 
winding).  It  is,  however,  independent  of  the  size  of  the 
machine.  Since  of  necessity  |i  <  1§a',  we  can  also  write  the 
above  formula  as  follows  : 


(43) 


The  greater  the  difference  between  the  left  and  right  wings 
of  this  expression,  the  less,  accordingly,  will  be  the  tendency 
of  the  machine  to  spark.  Before  finally  accepting  formula  (42), 
it  will  be  advisable  to  examine  into  the  correctness  of  its 
method  —  that  is  to  say,  whether  the  results  obtained  agree 
or  not  with  the  absolute  system  of  measurement.  Such  a 
contrariety  would  exist  if  we  found  that  C0  did  not  represent 
an  undefined  value,  but  a  unit  of  mass,  time,  or  length.  To 
prove  this,  we  must  insert  for  $  and  A  only  those  values 
which  are  discovered  by  the  absolute  system  of  measurement. 
Denoting  the  units  of  mass,  length,  and  time  respectively  by 
M,  L,  and  T,  we  obtain  the  following  formulas  : 


The  first  and  third  of  these  formulae  are  identical.  The 
ratio  between  'P  and  A  is  therefore  an  indefinite  quantity. 
Formula  (42),  and  at  the  same  time  formula  (43),  agrees, 
therefore,  with  the  absolute  system  of  measurement.  The 
same  cannot,  however,  be  said  of  the  rule  mentioned  at  the 
commencement  of  this  section,  whence  its  liability  to  failure 
in  certain  cases. 
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If  we  write  formula  (43)  thus  : 

$a'  =  C0  — (44) 

then  C0  is  no  longer  a  constant,  but  to  a  certain  extent  an 
elastic  ,  coefficient  which  should,  however,  be  less  than  a 
certain  minimum  determined  by  experience,  the  magnitude 
of  which  is  a  guarantee  for  sparkless  running.  In  other 
words,  the  greater  C0  is  for  normal  load,  the  more  remote 
will  be  the  sparking  limit  for  over-load  and  the  smaller  the 
lead  of  the  brushes  for  normal  load.  Knowledge  concerning 
the  coefficient  C0  in  formula  (44)  does  not,  however,  alone 
suffice  to  enable  us  to  judge  of  the  machine's  sparking 
characteristics.  This  formula  expresses  a  necessary  con- 
dition, but  not  the  sole  condition  necessary  to  sparkless 
running,  as  will  be  at  once  apparent  from  the  following 
consideration.  Let  us  suppose  we  have  built  a  drum  machine 
in  which  there  are  300  bars  to  150  commutator  segments, 
and  find  that  for  this  proportion  C0  in  formula  (44)  takes  a 
sufficiently  high  value.  We  should  expect  accordingly  to 
obtain  sparkless  running,  and  this  expectancy  would  be 
fulfilled  in  the  actual  results.  Now  we  will  build  a  second 
machine  which,  except  in  regard  to  the  number  of  segments, 
is  identical  with  the  first.  If  we  give  this  machine  75  segments 
(one  segment  to  each  four  bars),  the  machine  will  possibly 
still  run  without  sparking  ;  but  if  we,  on  the  other  hand,  give 
it  only  50  segments  (one  segment  to  each  six  bars),  we  may 
then  expect  with  tolerable  certainty,  as  every  designer  knows, 
to  have  a  considerable  amount  of  sparking  at  its  brushes.  Yet 
the  condition  obtaining  in  formula  (44)  is  complied  with  also 
in  this  example.  This  apparent  contradiction  is  explained 
immediately  when  we  remember  under  what  suppositions  the 
formula  was  derived.  One  of  these  suppositions  was  that  the 
commutating  field,  the  mean  induction  of  which  we  denoted 
by  $,  actually  existed,  and  was  not  much  distorted  by  the  self- 
induced  field  emanating  from  the  side  of  the  coil.  A  slight 
distortion  is  naturally  always  to  be  expected,  but  it  is  essential 
it  should  remain  slight,  and  that  is  the  condition  under  which 
formula  (44)  is  applicable.  If  we  now  investigate  the 
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origin  of  the  distortion  we  find  that  the  causes  are  two-fold — 
namely,  the  sheet  of  current  in  the  armature  and  the  shifting 
along  the  circumference,  and  within  the  zone  of  commutation, 
of  the  induced  field  due  to  one  side  of  a  coil.  The  first- 
named  cause  has  already  been  allowed  for  in  formula  (44),  but 
we  have  the  latter  still  to  consider.  Obviously  it  depends  on 
the  breadth  of  the  segments  and  the  number  of  segments 
covered  simultaneously  by  the  brush.  In  order  that  the 
oscillations  may  take  place  entirely  within  the  area  affected 
by  the  commutating  field,  this  area  must  be  wide  relatively 
to  the  linear  extent  of  the  zone  of  oscillation — that  is  to  say, 
the  commutating  field  must  fade  off  as  gradually  as  possible. 
This  fact  has  been  long  known  to  designers.  They  know  that 
sparking  may  be  obviated  by  slightly  planing  the  pole-face 
under  the  leading  edge,  so  as  to  make  <5  greater  at  that  point, 
or  by  placing  the  pole-pieces  themselves  somewhat  askew.  In 
both  cases  finer  graduation  of  the  commutating  field  is 
obtained.  The  extent  of  this  field  in  the  direction  of  the 
periphery  is,  however,  almost  proportional  to  the  air-gap,  so 
that  we  may  say  : 

The  range  of  oscillation  of  the  self-induced  field  produced 
by  those  coil  sides  which  lie  under  the  brush  must  be  small  in 
comparison  with  the  air-gap. 

Since  the  brush  covers  n  segments,  the  greatest  width  of  the 
self-induced  field,  if  it  were  stationary,  could  not  exceed  »  p. 
But  the  field  oscillates  backwards  and  forwards,  because  on 
the  one  side  segments  are  constantly  entering  under  the  brush 
and  emerging  from  under  it  on  the  other  side.  The  area 
within  which  the  self -induced  field  can  have  a  disturbing 
influence  on  the  commutating  field  is,  therefore,  proportional 
to  j8  (i  +  ») ;  the  area  being  the  smaller,  the  stronger  the 
commutating  field — that  is  to  say,  the  greater  C0  in  formula  (44) 
is.  Hence,  by  omitting  a  constant,  we  may  write 

S  >  8  (i  +  »)  ; 
and  since  S  (3  =  TT  D, 

it  follows  that  S  >  2—  (i  +  n). 

O 

This  expression  applies  both  for  drum  and  ring  armatures. 
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By  omitting  TT  and  substituting  the  radius  of  the  armature,  R, 
for  the  diameter,  D,  we  obtain 


where  Cx  represents  a  constant.  The  greater  the  inequality, 
the  better  will  be  the  machine  in  regard  to  sparking.  If  we 
regard  Cl  —  similarly  as  we  did  previously  in  the  case  of  C0  — 
as  an  elastic  coefficient,  we  may  represent  the  inequality  by  an 
equation 


and  say:  The  smaller  Cj,  the  more  exempt  accordingly  will  be 
the  machine  from  sparking,  the  smaller  will  be  the  lead  and 
the  greater  the  capacity  of  the  machine  for  over-load.  Hence, 
to  judge  of  the  degree  of  liability  of  a  machine  to  spark,  we 
determine  the  coefficients  C0  and  Cx.  C0  should  be  large  and 
Cl  small.  As  previously  mentioned,  these  values  must  be 
looked  upon  as  elastic  coefficients  to  a  certain  extent,  which 
also  have  a  mutual  influence.  Should  it  be  found  by  experi- 
ment, for  example,  that  in  a  drum  machine  with  a  slotted 
armature  absolutely  no  sparking  occurred  with  C0=i5  and 
C1  =  o'4  ;  further,  that  the  winding  of  a  similar  machine  could 
be  so  arranged  that  C^o'25,  a  slightly  lower  value  for  C0  than 
15  might  then  also  be  adopted,  provided  it  appeared  advan- 
tageous for  other  reasons  —  namely,  increasing  the  output  or 
economising  the  field  winding,  etc.  On  the  other  hand,  it 
may  happen  that  a  much  larger  value  than  15  is  allowed  for 
C0  in  the  designs  for  the  new  machine,  in  which  case  Cl  may 
in  turn  be  given  a  somewhat  greater  value  than  0*4  if  this 
appears  advantageous  for  other  reasons,  as  for  diminishing 
the  number  of  commutator  segments,  widening  the  brushes, 
adopting  series  instead  of  parallel  winding,  etc.  It  is  well 
known  that  it  is  a  difficult  matter  to  obtain  sparkless  com- 
mutation in  a  high-tension  multipolar  machine  when  the 
armature  is  series  wound.  This  fact  is  at  once  apparent  from 
formula  (45).  Let  us  consider,  firstly,  the  case  of  a  six-pole 
machine  having  a  series-wound  drum  armature,  and,  secondly, 
that  of  a  machine  provided  instead  with  a  parallel-wound  drum 
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armature.  The  current  density,  field  excitation,  and  armature 
back  ampere-turns  may  be  the  same  in  both  cases,  so  that 
formula  (44)  yields  the  same  C0  for  both  machines.  Notwith- 
standing this,  however,  it  may  happen  that  the  machine  with 
the  series-wound  armature  will  spark  violently,  while  the  other 
machine  runs  faultlessly.  In  the  latter  machine  the  value  of 
S  is,  however,  threefold  of  that  in  the  machine  with  series 
winding.  Hence  in  the  series-wound  machine  C:  assumes 
three  times  the  value  obtaining  in  the  machine  with  the 
parallel-wound  armature.  Since  the  tendency  to  sparking  is 
the  greater,  the  greater  the  value  of  Clt  it  is  readily  apparent 
why  series-wound  armatures  are  suitable  only  for  comparatively 
low-tension  currents,  whereas  in  the  case  of  machines  for  high 
tensions  it  is  essential  to  employ  either  mixed  or  simple 
parallel  winding  for  the  armature.  A  by  no  means  in- 
appreciable influence  is  exerted  on  the  sparkless  running  of  a 
machine  by  the  material  composing  the  brushes,  their  contact 
surfaces  and  width.  It  is  well  known  that  carbon  brushes 
tend  to  reduce  sparking  when  used  instead  of  metal  brushes. 
The  reason  for  this  is  to  be  found  in  that  the  ohmic  resistance 
at  the  contact  surfaces  is  much  greater  for  carbon  than  for 
metallic  brushes.  According  to  experiments  made  by  Cox  and 
Buck1,  the  resistance  for  carbon  corresponding  to  a  bearing 
pressure  on  the  commutator  of  0*25  kgrm.  per  square  centi- 
metre amounts  to  0*5  of  an  ohm,  and  for  copper  to  only 
0*033  °f  an  °nm  Per  square  centimetre. 

Arnold2  gives  values  which  lie  between  0*15  and  0*25  of  an 
ohm  per  square  centimetre  for  carbon,  and  between  0*005 
and  0*02  of  an  ohm  for  copper,  corresponding  to  a  bearing 
pressure  of  0*125  kgrm.  per  square  centimetre  and  the  usual 
current  densities. 

Even  if  such  resistance  is  able  to  effect  only  the  suppression 
of  the  current  to  the  zero  point,  and  does  not  facilitate  its 
growth,  it,  nevertheless,  has  a  certain  steadying  influence  on 
the  growing  current,  so  that  this  is  not  so  much  affected  by 
the  distortion  of  the  commutating  field.  The  same  remarks 

1See  article  on  "  Loss  of  Energy  at  Brushes,"  Elektrotechnische  Zeitschrift,  1896, 
vol.  xlv. ,  p.  693. 

^Elektrotechnische  Zeitschrift,  January,  1899. 
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apply  to  the  resistance  offered  by  the  connecting  wire  between 
the  windings  and  commutator  segments.  These  connectors 
are  sometimes  made  of  iron  or  German  silver  to  increase  their 
resistance,  which  then  acts  as  a  steadying  resistance. 

A  similar  effect  may  be  obtained  by  reducing  the  contact 
surfaces  of  the  brushes.  But  the  limits  within  which  this 
reduction  may  be  made  are  rather  narrow,  due  to  the  danger 
of  excessive  heating.  Should  the  commutator  and  brushes 
become  overheated,  loosening  of  the  metallic  parts  would 
naturally  follow,  a  condition  of  things  which  would  conduce 
to  sparking,  so  that  the  means  adopted  to  suppress  sparking 
would  have  just  the  contrary  effect.  It  is  not  advisable, 
therefore,  to  adopt  for  the  current  density  at  the  contact 
surfaces  more  than 

7  amperes  per  square  centimetre  for  carbon  brushes. 
25         ,,  ,,  ,,         copper        ,, 

Assuming  the  above  given  mean  values,  we  may  determine 
the  contact  resistance  at  the  brushes.  Calculating  this 
resistance  both  for  copper  and  carbon  brushes  fitted 
alternately  to  the  same  machine,  we  find  the  resistance  of 
the  carbon  brushes  to  be  from  three  to  five  times  that  of 
the  copper. 

Values  for  the  coefficients  C0  and  Cl  can  be  obtained  from 
observations  and  by  checking  the  calculations  on  finished 
machines.  Observations  of  this  kind  are,  however,  always 
very  uncertain.  If  a  machine  sparks,  it  may  be  the  result  of 
faulty  construction  as  much  as  of  faulty  design.  If  a  machine 
does  not  spark,  its  construction  must  certainly  be  right,  but 
one  still  is  without  information  as  to  how  much  more  current 
it  will  give  without  sparking.  In  order,  therefore,  to  establish 
limits  for  the  values  of  C0  and  Cl5  it  would  be  necessary  to* 
test  every  machine,  increasing  the  load  carefully  till  it  just 
begins  to  spark.  It  is,  however,  particularly  with  large 
machines,  difficult  to  carry  out  such  tests.  I  have  arrived 
at  the  following  values  for  C0  and  Cx  from  observations  on 
my  own  machines,  and  also  from  data  supplied  to  me  by 
designers  of  other  machines.  These  values  can,  therefore, 
only  be  considered  as  rough  approximations. 

16 
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For  drums  and  rings  with  smooth  or  slotted  cores, 
G!  <:  0*4  with  metal  brushes  ; 

C^o'8  with  carbon  brushes. 
Further,  for 

Rings  with  smooth  cores  C,,>L  12 

„    slotted      ,,      C0^  24 

Drums    ,,    smooth      ,,       C0?i    9 

Drums    ,,     slotted      ,,      C0^  15 

Conformity  to  these  rules  leads  to  designs  in  which  the 
armature,  considered  as  a  magnet,  is  weak  in  comparison  with 
the  field  magnet. 

We  may,  however,  be  obliged  in  certain  cases  to  employ  an 
armature  having  a  large  cross-induction,  and  the  question  now 
arises,  how  in  spite  of  this  the  reversing  field  can  be  kept 
strong  enough.  Take  the  case  of  Fig.  83,  which  represents  a 
machine  that  will  certainly  spark  at  full  load.  In  determining 

the  cross-induction  under  the  polar  edges  ( — —  r  c  —  ),   we 

\  2  o  irdJ 

made  the  assumption  that  the  magnetic  resistance  of  the  iron 
parts  in  the  path  of  the  lines  of  cross-induction  may  be 
neglected.  This  is  strictly  true  for  machines  of  the  type 
Fig.  58a,  b,  c,  or  Fig.  60,  in  all  of  which  cases  there 
is  so  much  iron  right  through  the  pole-piece  that  practically 
no  magnetising  force  is  required  to  drive  the  lines  from  one 
polar  edge  to  the  other.  But  if  we  have  a  machine  of  the 
type  Fig.  58d,  this  assumption  may  not  be  strictly  true.  The 
path  for  the  cross-lines  through  the  pole-pieces  is  no  longer 
quite  free,  since  the  smaller  area  at  the  centre  causes  a  certain 
crowding,  and  consequent  throttling  of  the  flux  ;  and  if  the 
restriction  thus  introduced  into  the  path  of  the  cross-lines  is 
sufficiently  great,  it  will  sensibly  reduce  the  cross-induction. 
In  this  respect  the  field  Fig.  58d  is  better  than  any  of  the 
three  other  fields,  but  we  can  go  a  step  further.  We  can  cut 
the  pole-pieces  completely  through  on  the  polar  diameter,  and 
introduce  an  air-gap  as  shown  in  Figs.  65  and  66.  By  this 
means  we  can  almost  completely  prevent  the  flow  of  lines 
along  the  pole-piece  from  one  edge  to  the  other,  and  restrict 
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it  to  a  flow  through  each  half  of  the  pole-piece.  This  will 
reduce  the  cross-induction  at  the  extreme  edges  to  half  its 
former  amount,  and  we  are  thus  able  to  keep  the  resultant 
induction  under  the  leading  edge  above  the  sparking  limit. 
A  glance  at  Fig.  84  will  make  this  matter  clear.  This  diagram 
refers  to  the  same  machine  as  Fig.  83,  with  the  only  difference 
that  the  pole-pieces  are  cut  in  the  middle,  and  contain  a  gap 
sufficiently  wide  to  prevent  the  lines  flowing  across.  Instead 
of  a  single  line  o  cross-induction,  we  now  have  two  lines  of 
saw-tooth  shape  and  of  half  the  amplitude.  The  line  P,  P.,, 
representing  forward  field  induction,  will  have  a  depression 
in  the  middle  owing  to  the  gap  in  the  pole-piece,  but  its 
height  at  either  end  remains,  of  course,  the  same.  The 


FIG.  84. 


resultant  induction,  as  seen  by  the  line  P0  Dx  DL>  P3,  is  now 
positive  throughout,  and  sparkless  commutation  will  be 
possible  if  the  brush  be  placed  somewhere  in  the  region 
between  P(,  and  D0.  Various  other  methods  have  been 
proposed  to  either  reduce  or  neutralise  armature  reaction, 
amongst  which  may  be  mentioned  Mather's  compensating 
magnet,  which  is  arranged  as  a  third  limb  between  the' 
two  limbs  of  the  field  magnet  proper,  and  is  excited  by 
the  armature  current.  The  winding  on  the  compensating 
magnet  is  coupled  up  in  such  way  that  it  opposes  the  flow 
of  lines  which  would  otherwise  be  produced  by  the  armature 
current,  and  commutation  can  therefore  take  place  exactly 
midway  between  the  poles.  The  result  is  that  the  width  of 
the  vertical  belt  of  back  turns  (Fig.  74)  is  reduced  to  nothing; 

16* 
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in  other  words,  that  there  are  no  back  turns,  and  consequently 
that  the  dynamic  E.M.F.  has  the  same  value  as  the  static 
E.M.F.  whatever  the  current  may  be.  Swinburne  suggested 
the  use  of  an  auxiliary  reversing  pole  formed  by  cutting  a 
groove  in  the  field  pole-piece  behind  the  leading  polar  edge, 
and  applying  to  the  part  thus  separated  an  exciting  coil  in 
series  with  the  armature  circuit.  This  arrangement  does,  of 
course,  not  reduce  the  width  of  the  belt  of  back  turns,  as  with 
Mather's  compensating  magnet,  but  it  tends  to  keep  the  lead 
constant  for  all  loads.  Another  arrangement  for  balancing 


cross-induction  is  that  devised  by  H.  J.  Ryan,1  in  which  the 
pole-pieces  are  provided  with  perforations  parallel  to  the  axis 
of  the  armature,  and  coils  are  wound  through  these  so  as  to 
compensate  the  cross-turns  on  the  armature. 

Fisher-Hitmen's  Compensated  Field. 

Fisher-Hinnen  effects  the  excitation  of  the  compensating 
magnets  in  a  very  simple  manner.  Fig.  85  shows  this 
arrangement  in  connection  with  a  field  system  of  the  type 
given  in  Fig.  58b  (also  known  as  the  Manchester  type).  If 
the  brushes  are  set  exactly  to  a  horizontal  diameter,  they 
would  spark  badly  with  the  usual  arrangements.  Instead  of 
eliminating  the  sparks  by  rocking  the  brushes  forward  towards 

1  Electrical  World,  vol    xx  ,  No.  21.  November  19,  1892. 
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the  pole-tips,  Fisher-Hinnen  leaves  them  in  the  symmetrical 
position  ;  and,  in  a  certain  sense,  shifts  portions  of  the  pole- 
tips  back  into  line  with  the  brushes.  The  two  smaller 
horizontal  projections  on  the  yokes  may  be  regarded  as  these 
portions  or  as  extensions  of  the  pole-tips;  and  constitute  the 
compensating  poles.  If,  now,  these  small  poles  are  so  excited 
as  to  have  the  same  sign  as  that  of  the  next  pole  in  the 
direction  of  rotation,  sparking  at  the  brushes  may  be  entirely 
suppressed  by  a  proper  choice  of  relations,  and  this  with  fixed 
brushes.  Fisher-Hinnen  effects  the  excitation  of  these  com- 
pensating poles  simply  by  dividing  the  field  coils,  on  both  sides 
of  the  armature,  into  two  unequal  portions. 

If  X/  is  the  excitation  needed  on  each  compensation  magnet 
to  overcome  the  sparking,  and  Xx  and  X2  stand  for  the  two 
portions  of  the  field  excitation,  so  that 


then  X/  =  Xj  -  X2. 

If  regard  is  paid  to  symmetry  and  to  the  best  use  of  the 
available  winding  space,  the  subdivision  of  the  coils  will  be 
arranged  so  that 


X       V  Y 

—  -A/  =  A2. 

Obviously  X/  must  be  proportional  to  the  armature  current, 
and  the  coils  must  carry  the  main  current.  The  cross-sections 
of  the  coils  in  which  the  current  flows  upwards  are  shown 
cross-hatched  in  the  figure,  while  those  in  which  it  is  flowing 
down  are  left  white.  In  the  article  quoted  Fisher-Hinnen 
states  that  he  has  been  able  to  load  a  machine,  built  for  400' 
amperes,  up  to  1,200  amperes  without  the  least  sparking  at 
the  commutator  being  observable. 

Savers'  Armature  Windings. 

Finally,  Sayers'  method  of  armature  winding  may  be  here 
mentioned.  The  fundamental  idea  of  this  arrangement  is  the 
insertion  of  a  coil  of  an  auxiliary  winding  in  every  circuit 
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connecting  the  commutator  to  the  armature.  These  auxiliary 
coils  are  displaced  relatively  to  the  main  coils  by  about  a  pole 
breadth  or  the  distance  of  adjacent  poles,  so  that  when  the 
brushes  of  a  generator  are  rocked  back  towards  the  trailing 
pole,  the  auxiliary  coils  find  themselves  in  a  strong  field  of  the 
opposite  sign.  The  necessary  commutating  E.M.F.  is  supplied 
by  the  auxiliary  coils,  in  which,  further,  the  current  only  flows 
during  the  period  of  commutation.  Thinner  wire  can  thus  be 
employed  for  the  auxiliary  coils  without  appreciably  increasing 
the  armature  resistance.  Since  in  the  Savers  winding  the 
brushes  of  a  generator  are  rocked  backwards  and  those  of  a 
motor  forwards,  it  follows  that  the  armature  coils  between  the 
poles  work  in  the  same  sense  as,  and  therefore  assist,  the  field 
windings.  A  comparatively  weak  field  and  strong  armature 
can  be  thus  employed,  and,  indeed,  by  a  skilful  choice  of 
relations,  a  simple  shunt  machine  can  be  made  to  behave,  by 
this  helping  action  of  the  armature,  just  like  an  overcom- 
pounded  machine. 
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CHAPTER  XII. 

Field  Excitation— Determination  of  Compounding— Say  ers's 
Compound  Winding  Sengel's  Field  Excitation— Balancing 
Devices— Calculation  of  Field  Coils— Similar  Machines  of  the 
Same  Type — Influence  of  Linear  Dimensions  on  the  Output — 
Advantages  of  Multipolar  Machines. 

Field  Excitation. 

It  was  shown  in  the  preceding  chapter  how  the  ampere- 
turns  for  a  given  flux  can  be  calculated  from  the  constructional 
details  of  the  machine.  If  the  machine  has  a  toothed  armature, 
the  induction  in  the  teeth  may  often  reach  a  rather  high  figure, 
and  the  proportion  of  the  excitation  to  be  allowed  for  this  may 
become  quite  considerable.  Of  course,  the  induction  in  the 
teeth  under  the  leading  horn  will  be  weakened,  and  those 
under  the  trailing  horn  strengthened,  by  the  armature  cross- 
turns  ;  and  since  the  permeability  falls  as  the  induction 
rises,  the  increase  of  field  at  the  one  will  be  less  than  the 
strengthening  at  the  other,  and  the  total  field  will  be  slightly- 
weakened  by  the  cross-turns.  The  excitation  must  be  increased 
to  bring  the  flux  up  again  to  its  full  value.1 

A  further  correction  is  necessary  on  account  of  the  arma- 
ture back  turns.  Reference  to  this  has  already  been  made  on 
page  226.  It  may  be  at  once  mentioned  that  the  back  ampere- 
turns  are  proportional  to  twice  the  brush  displacement.  If  rg 
be  the  number  of  conductors  between  two  pole-tips,  and  c  the 
current  in  one  conductor,  <j  the  pole-pitch  (distance  between 
pole-centres),  P  the  pole-breadth,  and  a  the  linear  displace- 
ment of  the  brushes  from  the  mid-position  measured  along 
the  armature  circumference,  then 

2d 

(46) 


X,  -  2  a  A 


1  This  is  treated  fully,  with  reference  to  actual  machines,   in  the  author's  work, 
"  Notes  on  Dynamo  Design." 


248  DYNAMOS,     ALTERNATORS, 

The  latter  formula  is  more  convenient  for  calculation, 
because  we  already  know  the  value  for  A,  the  linear  current 
density  at  the  armature  circumference,  from  our  calculations 
for  sparkless  running.  The  value  of  a  must  be  left  to  the 
judgment  of  the  designer.  It  must  not  be  greater  than 

— ,  and  is  usually  smaller  the  greater  C0,  or  the  smaller  Q, 

Q 

and  therefore  is  smaller  the  greater  -°- . 

Ci 

The  running  conditions  of  a  dynamo  (generator  or  motor)  are 
specified  by  speed,  terminal  volts,  and  current.  If  we  have 
arrived  at  the  excitation  necessary  for  the  specified  terminal 
volts,  we  have  next  to  decide  how  this  excitation  is  to  be 
provided.  It  can  be  effected  in  one  of  four  ways  : 

1.  Separate  excitation. 

2.  Series  excitation. 

3.  Shunt  excitation. 

4.  By  a  combination  of  2  and  3. 

Any  external  source  may  be  employed  for  i,  so  long  as  it  is 
capable  of  supplying  the  requisite  current  at  the  right  pressure. 
The  field  produced,  and  consequently  the  E.M.F.  generated,  can 
be  varied  between  very  wide  limits  by  inserting  a  rheostat  in 
the  exciting  circuit,  or  by  varying  the  E.M.F.  of  the  exciting 
source,  and  this  at  constant  or  varying  speeds.  The  satisfactory 
working  of  the  machine  at  low  excitation  depends,  of  course, 
upon  the  sparking  limits  as  affected  by  the  current  generated. 

Such  wide  limits  in  the  working  conditions  are  no  longer 
permissible  with  self-excitation  on  the  lines  of  2,  3,  or  4, 
and  it  then  becomes  necessary,  as  in  the  case  of  railway 
generators,  to  adopt  special  connections  for  the  field  coils. 
For  the  present  we  will,  however,  leave  such  special  arrange- 
ments, and  assume  that  the  connections  of  the  field  coils  are 
unaltered.  The  question  then  arises,  What  are  the  conditions 
to  be  fulfilled  in  order  that  a  generator  shall  be  self-exciting  at 
all?  It  would  be  absurd  to  raise  the  same  question  in  reference 
to  motors,  for  the  motor  receives  electric  work  from  outside, 
and  its  excitation  is  thereby  assured  from  the  outset. 

If  O  B   (Fig.  86)   represent  the  magnetisation  curve   of  a 
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series  machine,  and  W  the  total  resistance  (armature  plus  field 
plus  external  circuit),  then,  neglecting  cross  and  back  ampere- 
turns,  we  can  write 


c  =  —  •  X  =  Tl"  e 
R  '  R 


F<rN 


2  a  6,000  R ' 

in  which  a,  as  before,  stands  for  half  the  number  of  parallel 
circuits,  and  r,,,  the  number  of  turns  carrying  the  main  current, 
c,  on  one  magnetic  circuit,  and  p  the  number  of  poles, 
T-       v  6,000  a  R 

r    =   A  — . 

T  N  Tm  p/2 

This  equation  expresses  the  relation  between  the  excitation 
and  flux.     This  relation  is,   however,  already  determined   by 


FIG.  86. 

the  characteristic  of  the  machine.     The  working  condition  of 
the  machine  must  satisfy  both  relations  simultaneously. 
If  we  write 

6,000  a  R 
tan  a  =  -^— — , 


then 

At  the  same  time 


X  tan  a. 


F=/(X), 


the  function  being  graphically  expressed  by  the  characteristic 
in  Fig.  86.  The  working  condition  of  the  machine  is,  there- 
fore, shown  by  the  intersection  of  the  line  F  =  X  tan  a  and 
the  curve  F=/(X).  Near  the  origin  of  this  curve  is  a 
straight  line  making  an  angle,  which  we  will  call  u0,  with 
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the  horizontal.  If  a  =  a0,  the  point  of  intersection  is 
indeterminate,  and,  therefore,  the  working  condition  also. 
The  machine  is  unstable.  If  a  <  a0,  we  get  a  sharply-defined 
point,  and  the  E.M.F.  and  current  have  definite  values. 
Finally,  if  a  >  a0,  the  machine  cannot  excite  itself  at  all, 
and  cannot,  therefore,  generate  any  current.  Since,  however, 
the  effect  of  the  cross  and  back  turns,  which  we  neglected, 
is  to  slightly  reduce  the  E.M.F.,  the  unstable  conditions  will 
occur  with  a  value  of  «  somewhat  smaller  than  ay.  In 
order  to  avoid  this  condition,  it  will  be  well  to  so  arrange  the 
excitation  that  the  point  of  intersection,  B,  lies  rather  beyond 
the  knee  of  the  curve.  The  condition 


tan  «  = 


N 


may  be  termed  the  critical  condition  of  the  machine;  a,  p,  T,,,,  T 
are  constant.  If  n  is  specified,  the  value  of  R,  as  determined 
from  the  above  equation,  may  be  termed  the  critical  resistance 
of  the  machine  on  which  it  will  just  fail  to  excite  itself.  If  R 
is  specified,  then  n  is  the  critical  speed. 

A  similar  consideration  applies  to  shunt  machines,  only  R 
is  in  this  case  the  resistance  of  the  shunt.  Since  in  these 
machines  the  excitation  is  dependent  upon  the  terminal 
pressure,  which  falls  off  as  the  current  in  the  external  circuit 
increases,  it  becomes  necessary  to  exercise  the  utmost  care 
as  regards  the  stability  of  the  machine.  If  the  air-gap  is 
long,  the  knee  of  the  curve  will  be  made  less  sharp,  and  one 
is  sometimes  forced  to  purposely  make  the  magnetic  resist- 
ance, preferably  that  of  the  yoke,  greater  than  one  otherwise 
would  in  order  to  obtain  a  stable  machine. 

Series  machines  are  very  largely  used  as  motors,  but  not 
much  as  generators.  For  transmission  of  power  at  constant 
current  they  have  the  advantage  that,  as  generators,  their 
speed  adjusts  itself  automatically  between  rather  wide  limits. 

The  turning  moment  necessary  to  drive  is  obviously  pro- 
portional to  the  product  F  c  ;  if  the  turning  moment  is 
constant  —  as,  for  example,  with  a  steam-engine  without 
governor,  or  nearly  constant,  as  with  a  turbine  with  fixed 
gates  —  then  c  is  also  very  nearly  constant,  and  the  speed 
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automatically  adjusts  itself  to  such  a  value  as  corresponds 
to  the  power  in  the  external  circuit.  Another  important 
use  for  series  machines  is  for  the  transmission  of  power  at 
constant  current.  As  will  be  readily  seen,  if  the  generator 
runs  at  constant  speed  the  motor  must  also  run  at  constant 
speed  if  the  vertical  distance  between  their  characteristics  is 
equal  to  the  total  ohmic  drop  in  the  circuit. 

It  is  convenient  in  most  cases  to  provide  the  prime  mover 
with  a  governor,  which  keeps  its  speed  constant,  and  since 
current  is  mostly  wanted  at  constant  pressure,  this  condition 
can,  at  any  rate  approximately,  be  obtained  with  shunt 
machines.  Further,  within  the  limits  of  stability,  absolute 
constancy  of  pressure  can  be  attained  by  means  of  a  rheostat 
in  the  exciting  circuit,  provided  that  the  variations  of  current 
are  slow  enough  to  allow  sufficient  time  for  the  subsequent 
regulation.  This  is  not,  however,  always  the  case.  In 
small  isolated  plants,  for  example  on  ships,  very  considerable 
variations  of  current  take  place,  and  even  if  a  following — i.e., 
subsequent — regulation  were  possible,  it  would  be  undesirable 
in  view  of  the  extra  cost  of  attendance  or  of  automatic 
arrangements. 

For  railway  work  a  following  regulation  is  quite  out 
of  the  question  on  account  of  the  very  rapid  current  changes. 
In  such  cases  a  compound  winding— that  is,  a  mixed  excitatioi. 
by  shunt  and  series  coils — offers  an  extremely  simple  means 
of  keeping  the  pressure  constant  with  varying  current  at 
constant  speed.  The  principle  can,  indeed,  be  carried  one 
step  further,  and  the  excitation  be  so  arranged  that  the 
pressure  rises  somewhat  as  the  current  increases.  This  is 
especially  useful  with  railway  generators,  because  not  only 
the  ohmic  drop  in  the  feeders  or  mains,  but  also  the  drop 
in  speed  of  the  prime  mover,  can  be  made  negligible. 

Determination  of  Compounding. 

The  calculation  of  a  compound  winding  may  be  briefly 
indicated  by  reference  to  an  example.  Suppose  a  tramway 
generator  for  550  volts,  400  amperes,  to  be  driven  by  an 
engine  whose  speed  is  104  revolutions  per  minute  at  no  load 
and  100  revolutions  per  minute  at  full  load.  The  outgoing 
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mains   have  a  resistance  of  o'i  and  the  returns  0*025  ohm. 
The  cars  receive  current  at  500  volts. 

We  first  of  all  reckon  the  field  necessary  to  produce 
500  volts  at  104  revolutions  and  no  load,  and,  from  the 
magnetisation  curve,  the  corresponding  value  of  X.  This 
gives  at  once  the  shunt  winding,  from  the  fact  that  the 
excitation  is  to  be  obtained  from  a  pressure  ot  500  volts. 
This  calculation  is  so  simple  that  it  needs  no  further  explana- 
tion here.  It  may  as  well  be  stated,  however,  that  it  is 
advisable  to  take  a  somewhat  thicker  wire  than  is  obtained 
from  the  calculation  and  to  insert  a  rheostat,  so  as  to  provide 
a  margin  for  possible  errors  or  disturbing  influences  (heating, 
discrepancy  in  speed,  etc.).  To  arrive  at  the  series-turns  we 
calculate  the  dynamic  E.M.F.,  taking  account  of  the  resist- 
ance of  the  armature  and  series-turns  (the  latter  only 
approximately  estimated  for  the  present)  ;  then  the  corre- 
sponding flux  and  excitation  on  the  assumption  that  the 
speed  is  100.  The  back  ampere-turns  of  the  armature  are  to 
be  added. 

From  the  total  excitation  thus  calculated,  that  due  to  the 
shunt  coils  is  to  be  deducted,  bearing  in  mind  that  this  is 
now  increased  by  about  10  per  cent.,  since  the  terminal 
pressure  is  increased  by  about  that  amount.  The  difference 
is  the  excitation  to  be  provided  by  the  main  current.  This 
enables  us  to  at  once  design  the  required  coil.  Owing  to  the 
slight  curve  in  the  characteristic  between  the  two  points  (no 
load  and  full  load),  we  find  that  the  half-load  volts  are  a 
little  too  high.  The  error  is  so  slight  that  in  most  cases, 
and  always  in  railway  generators,  it  is  of  no  account.  There 
is,  however,  a  very  simple  means  of  dealing  with  this  error. 
We  need  only  give  the  main  coil  a  few  turns  more  than 
those  calculated,  and  reduce  its  magnetic  effect  by  shunting 
it  with  a  conductor  of  the  right  resistance.  This  shunt  must 
be  of  a  material  whose  temperature  coefficient  is  high.  When 
the  current  is  large  the  temperature  of  this  shunt  rises,  and 
a  greater  proportion  of  the  main  current  is  forced  to  take 
the  path  through  the  main  coils.  This  raises  the  far  end 
of  the  pressure  curve,  and  the  beginning,  middle,  and  end 
points  are  brought  into  practically  a  straight  line. 
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Sayers's  Compound  Winding 

Sayers  obtains  in  an  extremely  ingenious  manner  the  effect 
of  a  compound  winding  with  a  simple  shunt  winding.  He 
chooses  for  the  shunt  coils  a  size  of  wire  corresponding  to 
about  half  the  terminal  pressure,  and  connects  this  between 
one  of  the  main  brushes  and  a  small  auxiliary  brush  placed 
behind  the  other  at  about  the  centre  of  the  pole-piece 
Sparking  at  this  extra  brush  need  not  be  feared,  in  spite  of 
its  position  in  a  strong  field,  since  it  takes  only  a  very  small 
current.  The  field  then  gets,  as  we  have  shown  on  page  228, 
distorted  and  strengthened  at  the  trailing  pole-tip  —  i.e., 
between  the  main  and  auxiliary  brushes.  The  E.M.F.  of 
the  exciting  current  is  thereby  increased,  and,  indeed,  to  a 
degree  that  increases  as  the  main  current  increases.  If  the 
relations  be  correctly  chosen,  the  machine  can  be  thus  com- 
pounded, or,  if  need  be,  over-compounded. 

SengePs  Field  Excitation. 

If  a  point  on  the  armature  winding  be  connected  with 
a  slip  ring  provided  with  a  brush,  the  pressure  between  this 
extra  brush  and  one  of  the  main  brushes  varies  between  o 
and  the  full  terminal  pressure.  If  a  non-inductive  resistance 
be  connected  between  the  main  and  extra  brushes,  a  pulsating 
current  will  flow  through  this  in  one  direction  only.  If, 
however,  this  resistance  has  self-induction,  the  pulsations  will 
become  smaller  the  greater  the  self-induction,  and  if  this  be 
very  great  in  comparison  with  the  ohmic  resistance  the 
pulsations  very  nearly  vanish,  and  we  get  a  continuous 
current,  whose  value  can  be  calculated  by  Ohm's  law  as 
half  the  main  brush  volts  divided  by  the  resistance.  Now, 
all  field  coils  have  a  very  high  self-induction  in  comparison 
with  their  resistance.  If,  therefore,  the  ends  of  the  shunt 
winding  be  connected  between  this  extra  brush  and  a  main 
brush,  a  current  corresponding  to  half  the  brush  volts  flows 
through  the  winding.  This  arrangement,  due  to  Sengel1, 
enables  the  shunt  field  to  be  excited  with  half  the  pressure  of 
the  machine ;  it  is  shown  diagrammatically  in  Fig.  87.  C  is 

1  Eltktrotechnische  Zeitschrift,  1898,  No.  32,  page  544. 
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the  commutator,  S  the  slip  ring,  and  B0  the  extra  brush. 
B2  is  the  main  negative  and  Bx  the  positive  brush,  N  being 
the  shunt  resistance,  and  R  the  rheostat  for  regulating  the 
machine.  For  motors  that  are  connected  to  a  supply  of 
constant  E.M.F.  Sengel  further  inserts  a  starting  resistance 


in  the  armature  circuit,  as  is  shown  in  Fi< 


Current   is 


brought  to  the  machine  at  the  constant  pressure,  E0,  passing 
to  the  armature  through  the  starting  resistance,  \V,  and  to 
the  field  windings  through  the  starting  lever  and  the  contact 
strip,  k,  direct.  The  machine  therefore  receives  nearly  double 


FIG.  87. 

excitation  before  it  starts,  while  the  armature  receives  the 
current  determined  by  the  starting  resistance.  The-machine 
thus  develops  a  large  torque  and  starts  up  quickly.  The  lever 
is  then  slowly  shifted  over  to  the  left,  thus  gradually  short- 
circuiting  the  starting  resistance  until  the  armature  receives 
the  full  E.M.F.,  E0,  and  has  attained  full  speed.  At  the  same 
time,  the  Sengel  arrangement  comes  into  operation  through 
the  E.M.F.  of  the  armature,  and  the  field  excitation  is  reduced 
to  the  normal  value,  corresponding  to  half  E0. 

Balancing  Devices. 

Sengel   has  also  shown,  in  the  paper  referred   to,  how  the 
extra   brush    may   be    used   for   balancing    the  pressure    in  a 
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three-wire  system.  The  method  is  shown  diagrammatically  in 
Fig.  89,  in  which  the  shunt  field  coils  have  been  omitted  for 
the  sake  of  clearness.  Since  glow  lamps  have  scarcely  any  self- 


N 


FIG.  88. 

induction,  a  choking  coil  would  have  to  be  inserted  in  each 
main.  It  is  more  convenient,  however,  to  replace  these  two 
by  one  only — -placed  in  the  middle  wire,  as  shown.  An 


extension  of  the  Sengel  system  leads  directly  to  the  balancing 
device  described  by  M.  von  Dolivo-Dobrowolsky  in  1895, l  as 
will  at  once  be  seen  from  an  inspection  of  Fig.  90.  Three 

1   Elektrotechnisehe  Zeitsthrift,    1895,   p.   323. 
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slip  rings  may  obviously  be  employed  instead  of  two,  as  in 
Fig.  91.  By  this  means,  as  Sengel  shows  in  the  work  referred 
to,  all  current  variations  in  the  middle  wire  may  be  avoided. 

Calculation  of  Field  Coils. 

The  space  available  for  the  wires  of  the  field  coils  is  found 
from  the  drawings  of  the  field  magnet,  the  space  necessary  for 


FIG.  90 

bobbins  and  insulation  having,  of  course,  to.  be  deducted. 
When  the  dimensions  of  the  actual  coil  have  been  thus 
determined,  the  length  of  a  mean  turn,  TT,  has  to  be 
measured  (for  cylindrical  coils  this  will  be  3*14  times  the 


FIG.  91. 

mean  diameter),  and  the  length,  diameter,  and  resistance  ot 
the  wire  can  be  obtained  by  Ohm's  law.  The  following 
formulae  may  be  used  to  simplify  the  calculations.  Let  d  be 
the  diameter  of  the  bare  and  dl  that  of  the  cotton-covered 
wire,  both  in  millimetres,  then 

d    =  0*26  +  ri2  d. 
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With  rectangular  wires  the  thickness  of  the  insulation  is  to 
be  calculated  from  the  equivalent  diameter.  The  resistance 
of  a  wire  of  length  /  metres,  a  square  milimetres  cross-section, 
at  a  temperature  of  t  degrees  Centigrade,  is 

R  =  0-017  (1+0-004)  (*-i5)-« 
a 

For  approximations,        R  =  0*02  -  . 

a 

If  e.  be  the  pressure  available  for  the  shunt  coils  of  one 
magnetic  circuit  (e  is*  thus  the  J  p-th  part  of  the  total  volts 
if  the  coils  are  all  in  series),  the  cross-section  of  the  wire 
can  be  calculated  as  a  first  approximation  from 


TT  being  the  mean  length  of  a  turn.     The  current  required  is 

c  =  - 

TX 

In  this  formula  TX  is  the  number  of  field  turns  linked  with 
•one  magnetic  circuit.  As  will  be  seen,  the  cross-section  of 
wires  on  shunt  coils  does  not  depend  upon  the  number  of 
turns  directly,  but  rather  to  the  degree  in  which  the  mean 
length  of  a  turn  increases  with  the  number  of  turns.  The 
current  strength  is  inversely  proportional  to  the  number  of 
turns. 

The  weight  W  copper  in  kilogrammes  is  given  by 

W  =  8-9  a  I, 

a  being  the  cross-section   of  the  wire  in   square  millimetres 
and  I  the  length  in  kilometres. 

The  weight  of  copper  on  coils  is  given  approximately  by 


I,000 


P 

In  these  expressions    D  is  the  mean  diameter,   and    TT  the 

17 
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mean  perimeter  of  the  coil  in  metres  ;  P  is  the  power  to  be 
expended  in  watts. 

Similar  Machines  of  the  Same  Type. 

It  is  of  importance  from  the  practical  standpoint  to  get 
an  idea  of  the  way  in  which  the  output  of  a  dynamo  depends 
upon  its  dimensions.  It  is  obvious  that  a  comparison  between 
machines  of  different  outputs  is  broadly  impracticable,  and 
that  the  comparison  can  most  easily  be  made  between 
machines  of  the  same  type — that  is,  machines  whose  corre- 
sponding linear  dimensions  bear  a  definite  ratio  to  one 
another.  Not  until  we  have  studied  the  question  in  this 
form  shall  we  be  able  to  take  it  up  generally — that  is,  to 
compare  machines  of  differing  types  by  considering  the 
diameter  and  length  of  the  armature  as  the  only  dimensions 
influencing  the  output  of  the  machine. 

We  will  therefore  first  consider  the  case  of  two  geometrically 
similar  machines,  making  the  assumption  that  the  number  of 
active  conductors  in  both  armatures  is  the  same  ;  the  field 
coils  may  also  have  the  same  number  of  turns  in  both 
machines.  This  assumption  is  justifiable  on  the  ground  that 
we  are  merely  considering  the  output,  or  the  product  of 
current  and  E.M.F.,  and  not  how  that  product  is  obtained. 
Let  us  suppose  that  we  have  built  a  good  machine — of  the 
type  Fig.  580,  say — and  now  wish  to  build  another  whose 
linear  dimensions  are  to  be  m  times  those  of  the  other  or 
standard  machine.  If  m  <  i,  the  output  of  the  new  machine 
will  be  smaller,  if  m  >  i,  it  will  be  greater  than  that  of  the 
standard.  We  will  take  it  that  the  two  are  to  have  the  same 
peripheral  speed. 

The  output  of  the  new  machine  is  limited  principally  by 
two  conditions.  First,  the  new  machine  must  not  get  too  hot ; 
and,  secondly,  it  must  not  spark.  A  third — namely,  a  good 
efficiency — might  be  imposed.  This  last  has  little  practical 
value,  since,  on  the  one  hand,  the  condition  of  a  good  efficiency 
is  involved  in  the  condition  that  the  machine  is  not  to  get  too 
hot,  and,  on  the  other,  small  differences  in  the  efficiency  do- 
not,  in  view  of  the  general  high  efficiency  of  modern  machines, 
affect  the  usefulness  of  the  machine.  We  will  first  examine 
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what  bearing  the  condition  that  the  machine  is  not  to  get 
warmer  than  the  standard  will  have  on  the  output  of  the  former. 
When  we  consider  the  armature,  we  see  that  owing  to  the 
fixed  peripheral  speed  the  heat  generated  must  be  proportional 
to  m2.  If  we  further  assume  that  the  proportions  of  the  power 
wasted  in  copper  and  iron  are  to  remain  the  same,  we  see  that 
the  induction  is  to  remain  about  the  same.  The  hysteresis 
loss  is  proportional  to  the  frequency — that  is,  to  in"1 — and 
to  the  volume — that  is,  to  ;«3 ;  in  the  new  machine  it  will  be, 
therefore,  with  the  same  induction,  proportional  to  in'2.  Since 
the  cooling  surface  is  also  proportional  to  this  quantity,  the 
temperature  rise,  so  far  as  it  is  due  to  the  armature,  will 
remain  unaltered.  The  number  of  armature  conductors  is  the 
same  as  before.  Their  length  is  m,  and  their  cross-section 
is  m2  times  the  corresponding  dimensions  of  the  standard 
machine ;  the  armature  resistance  is  therefore  one  m-ih.  Since 
the  power  wasted  may  be  m2  times  as  much,  the  ratio  of  the 
squares  of  the  currents  is  given  by  m3,  and  that  of  the  currents 
themselves  by  w1'5.  The  total  current  flow  in  the  armature 
is  thus  proportional  to  w1-5,  and  the  current  density  is  m~l 
times  this,  and  therefore  proportional  to  w*.  In  the  following 
list  of  the  relations,  the  dimensions  without  subscript  relate 
to  the  standard  machine,  and  those  with  the  subscript  l  to  the 
new  machine. 

D!  =  m  D       L!  =  m  L  TI  =  r  &  =  g 

N!  =  m  N         cl  =  m1'5  c         Ax  =  m°fSt  A         el  =  m  e 

Pl  -  m2-5  P. 

From  these  considerations  it  is  clear  that  the  output  of  the 
new  machine  is  not  exactly  proportional  to  its  weight,  since 
the  latter  varies  as  m?,  while  the  former  only  as  w2-5.  It  must 
certainly  be  pointed  out  here  that  in  practice  these  values  do 
not  quite  hold.  If  m  >i,  the  cross-section  of  armature  wires 
can  increase  in  a  proportion  greater  than  m2,  because  less  space 
in  proportion  is  occupied  by  insulation.  The  copper  loss  will 
therefore  be  slightly  less  than  calculated,  and  a  higher  iron 
loss  can  be  allowed — i.e.,  the  induction  may  be  raised.  In 
this  case,  however,  e^  will  be  greater  than  as  given  above. 
A  further  ground  for  increasing  the  induction  is  to  be  found  in 
the  fact  that  we  have  not  considered  the  eddy-current  loss 
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in  the  iron  (the  eddy  loss  in  copper  is  negligible  in  toothed 
armatures).  The  eddy-current  loss  is  proportional  to  the 
volume,  and  to  the  squares  of  the  frequency  and  induction. 
Since  the  former  is  proportional  to  m~l,  the  eddy-current  loss 
in  the  armature  core  is  not  proportional  to  mz,  but  to  m,  while 
the  cooling  surface  is  proportional  to  mz.  With  an  unchanged 
induction  the  heating  due  to  hysteresis  and  eddy  currents  will 
be  a  little  less  than  above  calculated,  and  on  this  account 
also  we  can  increase  the  induction  if  m  >  I.  Bearing  these 
corrections  in  mind,  we  can  say  that  the  output  of  the  new 
machine  is  proportional  to  m  raised  to  a  power  which  is 
greater  than  2'5,  but  which  scarcely  reaches  3. 

It  is  not  possible  to  state  a  value  for  this  power  that  shall 
hold  good  generally,  since  very  many  questions  arise  in  the 
design  of  a  machine  which  cannot  all  be  solved  by  one  and  the 
same  fixed  rule.  In  order  to  give  the  reader,  however,  an  idea 
of  the  magnitude  of  this  power  of  m,  it  will  be  well  to  take 
up  an  example  at  once. 

We  will  take  as  our  standard  the  type  shown  in  Fig.  58c, 
and  see  what  output  we  can  get  from  a  machine  which  is 
in  all  respects  double  the  size  of  the  original  one.  Suppose 
the  armature  of  the  smaller  machine  to  have  a  diameter  of 
30  cm.,  and  a  length  of  38  cm.  We  will  take  the  output 
at  550  revolutions  per  minute  to  be  25  kw.,  of  which  1,200 
watts  are  lost  in  the  armature.  The  large  machine  would 
then  have  an  armature  60  cm.  in  diameter  and  76  cm.  long  ; 
since  this  gives  a  cooling  surface  four  times  as  large  as  the 
other,  we  can  allow  a  total  loss  of  4,800  watts.  We  do 
not  need  to  carry  out  the  calculation  in  detail,  but  will 
merely  give  the  results  in  brief : 


Small  Machine. 

Large  Machine. 

Armature  resistance  in  ohms  ... 

0-15 

0-006 

Excitation  in  ampere-turns 

23.000 

60,000 

Weight  of  core  discs  in  kgrm... 

130 

1,170 

Weight  of  field  magnets  in  kgrm 
Energy  spent  in  excitation  as  a 

1,170 

9,680 

percentage  of  the  total  

3-5 

1-95 

Revolutions  per  minute  

550 

275 

Output 

250  amps   bv  100  v 

700  amps  by  230  v. 

=  25  kw. 

=  161kw. 
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In  this  instance  the  power  of  m  is  2*7. 

The  same  limits  for  armature  heating  and  for  sparking  have 
been  taken  for  both  machines. 

From  the  figures  given  above,  the  weight  of  iron  is 
1,300  kgrm.  in  the  small  and  10,850  kgrm.  in  the  large 
machine ;  these  two  figures  are  in  the  ratio  of  i  :  8'3,  whereas 
the  corresponding  outputs  are  in  the  proportion  of  25  :  161 
or  i  :  6*44.  In  other  words,  the  weight  per  kilowatt  is 
52  kgrm.  in  the  small  and  68  kgrm.  in  the  large  machine. 
As  regards  weight,  therefore,  the  large  machine  is  not  so 
good  as  the  small,  and  one  sees  that  the  same  type  of 
machine  is  not  equally  suitable  for  machines  of  different  sizes. 

The  above  example  shows  that  the  output  does  not  increase 
at  quite  the  same  rate  as  the  weight  of  the  machine— that  isr 
as  the  material  necessary  to  produce  the  machine.  Further, 
since  the  cost  of  production  does  not  depend  alone  on  the 
amount  of  material  employed,  but  also  very  materially  upon 
the  labour  charges  thereon,  and  the  latter  do  not  increase  as 
fast  as  the  former,  the  large  machine  will  come  out  somewhat 
cheaper  than  the  smaller  in  proportion  to  its  output. 

It  should  be  further  observed  that  the  condition  imposed 
at  the  outset,  that  the  circumferential  velocity  should  oe  kept 
the  same,  is  not  rigidly  enforced  in  practice.  It  is  perfectly 
permissible  to  allow  a  higher  circumferential  speed  in  the 
larger  machine  than  in  the  smaller,  with  the  result  that 
not  only  does  the  price  per  kilowatt,  but  also  the  weight  per 
kilowatt,  become  less  in  large  than  in  small  machines. 

It  will  always  be  advisable,  when  increasing  or  decreasing 
the  linear  dimensions,  not  to  go  too  far,  but  rather,  when  the 
output  of  the  new  machine  is  to  be  considerably  greater  than 
that  of  the  standard,  to  consider  an  alteration  in  the  type  of 
the  machine.  This  will  be  more  fully  treated  under  the 
.heading  of  "  Advantages  of  Multipolar  Machines." 

When  dealing  with  the  example,  it  was  stated  that  the  same 
sparking  limit  had  been  taken  for  both  machines.  This  point 
will  now  be  further  explained  as  we  investigate  what  conditions 
are  to  be  fulfilled  in  regard  to  sparking,  when  the  output  of 
the  new  machine  has  been  fixed  merely  with  reference  to  the 
heating.  We  have  seen  that  two  conditions  have  to  be  met 
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for  the  attainment  of  sparkless  running.  The  one  involves  the 
strength  of  the  commutating  field,  and  the  other  the  variations 
of  the  self-induced  field.  We  do  not  need  to  occupy  ourselves 
with  the  latter  in  this  case,  for  it  is  always  in  our  power  to 
make  the  variation  as  small  as  we  wish  by  a  suitable  arrange- 
ment of  the  winding  in  several  circuits.  The  former  condition 
must,  however,  be  carefully  considered.  We  found  that 

-X\\~,  A 


Xa         /  » 

Since  we  thus  have  only  to  deal  with  an  equation,  we  will 
suppose  that  in  all  cases  the  breadth  of  a  brush  is  equal  to 
that  of  a  commutator  segment,  and  that  therefore  n  =  i.     We 
have  then  for  the  new  machine 
'Xttj-Xx^ 


or  substituting  the  values  found  before, 


Xaj         / 
Dividing  the  third  equation  by  the  first,  we  have 

Xa        Xa  T  -  W1'5  X\  _       0>5 
Xa  i  Xa  —  X\ 

If  we  now  suppose  that  in  the  standard  machine 
Xx  =  o'5  Xtt,  we  can  determine  the  excitation  Xai,  and  thus 
the  air-gap,  Si,  with  reference  to  the  corresponding  values 
in  the  standard  machine  for  every  value  of  m.  We  have  in 
the  first  place 

Xa1-o-5m1-')Xq  =  ;w0.5 
0-5  X«, 

and  thence  Xa,  =  Xo(—  — ) 

\l  -0-5  w0-/ 


I-0'5  m 

These  equations  show  that  there  is  a  limit  beyond  which 
an  increase  of  the  linear  dimensions  is  not  possible.  This 
limit  lies  theoretically  at  that  value  of  m  for  which  the 
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excitation  becomes  indefinitely  large  ;  in  practice  it  is,  of 
course,  reached  much  sooner.  In  the  case  we  are  dealing 
with,  where  the  cross-turns  in  the  standard  machine  are 
equal  to  half  the  total  ampere-turns  required  for  the  armature, 
the  theoretical  limit  is  reached  when  m  =  4.  A  machine 
of  fourfold  dimensions  cannot,  therefore,  be  built  to  run 
sparklessly  at  an  output  determined  by  the  heating.  For 
smaller  values  of  m,  the  excitation  and  air-gap  must  be  given 
the  values  set  forth  in  the  following  table : 

m  =  0*5     o-6     0*7  o'8     o'g     i   IT     i'2     1*3     1*4     i'5 

?P-  ^  =  0-27  0-38  0'5  0-65  0-82  I  I-2I  I'45  172  2-03  2'35 
Aa  o 

These  figures  would  be  different,  of  course,  if  we  had 
chosen  some  other  ratio  than  2  :  i  between  Xa  and  X\  .  All 
the  same,  the  fact  would  remain  that  the  air-gap  and  the 
excitation  must  increase  more  rapidly  than  the  linear  dimen- 
sions. The  necessary  consequence  is  that  the  percentage  of 
the  output  that  has  to  be  expended  on  excitation  increases 
somewhat  with  the  size  of  the  machine.  The  exciting  power 
is  inversely  proportional  to  m,  since  the  field  resistance 
decreases  as  m  increases,  but  is  directly  proportional  to  the 
square  of  the  ampere-turns.  The  output  of  the  machine  is, 
as  we  saw  before,  proportional  to  7»2'5,  or  a  little  more.  The 
fraction  of  the  output  wanted  for  excitation  is  thus  propor- 
tional to  m~3'5  and  X2a].  From  these  results  this  fraction  can 
be  determined  for  any  value  of  m  if  it  is  known  for  the  value 
m  =  i.  The  calculation  is  so  simple  that  there  is  no  need 
to  carry  it  out  here  any  further.  It  will  suffice  to  state  that, 
supposing  the  standard  machine  to  require  3  per  cent,  of 
its  output  for  excitation,  a  machine  of  half  the  dimensions 
(m  =  o'5)  will  want  2'6  per  cent.,  and  a  machine  half  as 
large  again  (m  =  1-5)  4  per  cent,  roughly.  If,  as  pointed 
out  above,  the  induction  in  the  larger  machine  be  increased 
somewhat,  the  air-gap  can  be  reduced,  and  the  percentage 
excitation  loss  kept,  consequently,  fairly  constant.  If,  how- 
ever, the  circumferential  speed  be  increased,  the  larger 
machine  may  be  more  economical  also  in  regard  of  the 
percentage  of  its  output  employed  in  excitation. 
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Influence  of  Linear  Dimensions  on  Output. 

We  have  assumed  hitherto  that  in  order  to  obtain  a  larger 
output  a  machine  is  built  bigger  than,  but  in  other  respects 
geometrically  similar  to,  the  standard,  and  we  found  that 
this  process  is  only  applicable  between  certain  limits.  Beyond 
these  limits  it  is  better  to  choose  a  different  type  —  for  example, 
to  build  a  four-pole  instead  of  a  two-pole  machine.  The 
advantages  of  multipolar  machines  are  given  in  the  section 
dealing  with  the  "  Advantages  of  Multipolar  Machines."  We 
will  only  remark  here  that  with  an  increase  in  the  number 
of  poles  the  whole  build  of  the  machine  becomes  less  cramped, 
and  a  larger  cooling  surface  is  obtained. 

If  we  are  now  no  longer  tied  to  a  given  type,  the  limit  of 
output  determined  by  equal  heating  loses  its  signification,  and 
we  can  set  the  limit  merely  with  reference  to  sparkless 
running.  From  what  was  shown  in  the  previous  chapter, 
it  is  clear  that  as  high  an  air-gap  induction  as  possible  and 
as  few  armature  cross-turns  as  possible  are  both  conducive 
to  sparkless  running.  One  is  limited  particularly  in  the 
nowadays  almost  universal  slotted  armatures  by  the  satu- 
ration of  the  teeth.  If  we  make  the  teeth  themselves  too 
thick,  there  is  not  enough  room  for  the  wires.  We  cannot, 
therefore,  increase  the  total  number  of  lines  entering  the 
armature  from  one  pole-face  just  as  we  wish.  If  the  cross- 
section  of  the  teeth  is  one-third  that  of  the  air-gap,  we  must 
set  the  induction  in  the  latter  at  |i  =  6,500  as  a  maximum. 
If  the  cross-section  of  the  teeth  is  one-half  of  the  air-gap, 
the  induction  in  the  latter  would  reach  about  9,500. 
Within  these  limits  we  can,  therefore,  take  the  total  flux  as 
proportional  to  the  pole  surface. 

If  we  consider  the  mean  value  of  the  air-gap  induction  to 
be  8,000,  the  error  cannot  exceed  20  per  cent.  Since  the 

pole  surface  is  proportional  to  the  expression  —  L,  we   can 

P 
write,  omitting  a  constant, 


If  the  machine  is  of  normal  proportions  —  i.e.,  if  the  breadth 
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and  length  of  the  poles  are  not  too  different — we  may  write 
the  leakage  field  resistance 

K 


Then  d=./—  L    is    a   value  which    represents  the    linear 
"V   p 

dimensions  of  the  machine. 
The  leakage  is 

in  which  X  stands  for  the  sum  of  all  the  ampere-turns  needed 
for  air  and  armature. 

It  is  important  with  a  view  to  a  favourable  use  of  materials,. 
that  the  relation  between  stray  and  useful  fields  should  be  kept 
within  certain  limits.  We  can  also  say  that  the  stray  field 

must  be  approximately  proportional  to  the  fraction  —  .       This 

P 
gives,  omitting  the  constants, 

F-X 

P 

D 


The  excitation  must,  therefore,  be  roughly  proportional  to 
the  linear  dimensions  of  the  machine.  In  the  same  way 
the  air  -  gap  must,  on  account  of  the  nearly  constant 
induction,  be  about  proportional  to  these  dimensions. 

Since       "^the  condition   for   sparkless   running  can  also- 

7T  L) 

be  written 

TC  r        ™    /'T        X 

-^G.-HI  - 
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Clearly  Xx  must  increase  with  X,  whether  in  exactly  the 
same  proportion  or  not  cannot  be  said  beforehand,  since  this 
depends  on  detail  of  construction  which  cannot  be  introduced 
at  all  in  a  general  investigation.  However,  as  we  are  merely 
dealing  with  an  approximate  determination,  we  will  assume 
for  the  present  that  the  expression  in  brackets  is  a  constant 
less  than  unity.  That  means  that  if  ^a  is  constant,  the 
current  density  is  constant  too.  As  a  matter  of  fact,  however, 
the  current  density  is  not  kept  constant,  but  increases  with 
machines  of  increasing  diameter.  We  will  take  account  of  this 
circumstance  at  the  end  of  this  investigation,  by  giving  the 
formula  for  the  output  a  factor  which  is  dependent  upon  the 
diameter  of  the  armature,  and  has  been  determined  by 
calculations  on  existing  machines.  For  the  present  we  write, 
therefore,  omitting  a  constant, 


.-5 

T 


(47) 


The  E.M.F.  of  the  armature  is,  again  omitting  all  constants, 

2  D  I      XT 
e  =  -    -  T  N        .....     (48) 

P 

Multiplying  together  the  equations  (47)  and  (48)  we  get 

/>  c  *  =  C  D2  L  N      .....     (49) 

in  which  C  is  a  factor  which  depends,  as  stated  above,  on  the 
diameter.  If  we  had  assumed  series  winding  for  the  armature, 
p  would  not  have  to  be  introduced  into  formula  (47),  but  into 
(48)  ;  the  product,  which  is  nothing  else  but  the  output, 
would  have  remained  unaltered.  We  can  write  (49)  more 
conveniently  thus  : 

2  ....     (50) 


In  this,  P  denotes  the  output  in  kilowatts  and  C  a  factor 
varying  with  the  size  and  type  of  the  machine  between  0*5 
for  small  rings  and  about  2'5  for  large  drums.  Check  calcu- 
lations carried  out  on  finished  machines  gave  the  following 
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relations    between    this    factor    and     the    diameter    of    the 
armature  : 

C  =  o'6  +  — -  for  drums. 
200 

C  -  0-4  +  —  for  rings. 
300 

It  is  obvious  that  these  values  as  well  as  formula  (50)  can 
have  no  claim  at  all  to  exactitude.  The  output  of  a  machine 
may  be  increased  in  so  far  as  the  designer  has  spent  care 
on  each  detail  which  contributes  to  sparkless  running.  He 
will,  for  example,  be  able  to  load  his  armature  more  heavily 
if  the  field  is  of  wrought  than  if  it  is  of  cast  iron  ;  he  will 
be  able  to  load  it  more  heavily  if  he  has  reduced  the  effect 
of  the  cross-turns  by  any  of  the  means  given  in  Chapter  XI. 
Quite  apart  from  these  artifices,  however,  the  output  may  be 
materially  increased  merely  by  forcing  the  induction  in  the 
air-gap.  It  was  stated  above  that  the  assumed  induction  of 
8,000  might  be  wrong  by  20  per  cent.  This  means,  however, 
an  error  of  about  40  per  cent,  in  the  estimate  of  output  by 
formula  (50). 

Finally,  it  is  to  be  observed  that  the  material  of  the  brushes 
will  also  have  a  marked  effect.  Since  carbon  brushes  spark 
less  than  metal  ones,  the  output  of  a  machine  may  be 
increased  by  the  employment  of  carbon  brushes.  Where  so 
many  factors  are  simultaneously  in  operation,  it  cannot  be 
expected  that  a  formula  which  takes  no  account  of  these 
factors  can  have  great  accuracy.  Besides,  the  object  of  the 
formula  is  not  to  finally  determine  the  output  or  dimensions 
of  a  machine,  but  to  give  the  designer  an  indication  in  this 
direction. 

Advantages  of  Multipoint  Machines. 

When  investigating  the  sparking  limit  of  two-pole  machines, 
we  saw  that  the  process  of  increasing  the  dimensions  with  a 
view  to  a  larger  output  should  not  be  carried  beyond  a  certain 
limit.  The  question  now  arises,  how  are  large  machines  to  be 
designed  so  as  to  be  better,  if  possible,  as  regards  weight  and 
cost  than  small  two-pole  machines  ?  Practical  experience  has 
answered  this  question  in  favour  of  multipolar  machines. 


268  DYNAMOS,     ALTERNATORS, 

Whereas  for  small  and  moderate  size  machines  the  bipolar 
type  is  undoubtedly  the  best,  there  is  a  limit  of  output  beyond 
which  a  four-pole  machine  is  preferable.  If  we  still  further 
increase  the  output,  we  find  that  a  point  is  eventually  reached 
where  a  six-pole  machine  is  better  than  a  four-pole,  and  so  on, 
the  number  of  poles  increasing  with  the  output.  The  precise 
points  at  which  a  change  from  two  to  four  or  from  four  to  six 
poles,  and  so  on,  becomes  expedient,  depends  on  a  variety  of 
circumstances;  and  no  hard-and-fast  rule  can  be  given,  but 
that  the  value  of  a  design  depends  on  the  appropriate  choice 
of  type  the  reader  can  easily  find  out  for  himself  by  making 
comparative  designs  for  various  sizes  of  machine.  Without, 
however,  going  so  far  as  to  prepare  a  whole  series  of  designs, 
we  may  show  the  effect  of  increasing  the  number  of  poles  by 
an  example,  and  for  this  purpose  we  take  the  25-kw.  machine 
(250  amperes,  100  volts,  550  revolutions)  design  (Fig.  58c), 
particulars  of  which  were  given  in  the  table  on  page  182.  The 
weight  of  the  iron  plates  in  the  armature  is  300  lb.,  that  of 
the  iron  in  the  field  is  2,600  lb.  The  diameter  of  the  armature 
is  12  in.,  and  its  length  15  in.  Let  us  now  make  a  four-pole 
machine  having  an  armature  of  double  the  diameter,  but  the 
same  radial  depth  of  iron  (in  this  case  3!  in.)  and  the  same 
length.  Assuming  that  we  employ  the  type  of  field  shown  in 
Fig.  59  (page  176),  its  weight  will  be  very  nearly  double  that  of 
Fig.  58c,  provided  we  work  with  the  same  total  induction. 
The  number  of  turns  on  the  armature  and  its  r 
be  doubled,  and  if  we  work  at  half  the  speed  the  E.M.F. 
will  be  doubled,  but  the  current  will  remain  the  same.  The 
four-pole  machine,  with  an  armature  of  24  in.  by  15  in.,  and 
running  at  275  revolutions,  will  have  the  same  efficiency  and 
the  same  sparking  limit  as  the  two-pole  machine  with  an 
armature  of  12  in.  by  15  in.,  and  running  at  550  revolutions. 
The  output  will,  however,  be  doubled.  Let  us  now  see  by 
how  much  we  would  have  to  increase  the  linear  dimensions 
of  the  two-pole  machine  to  get  double  the  output.  Without 
going  into  complicated  calculation,  we  may  assume  that 
W'  =  \V;«2'25,  since  we  know  that  m2  will  give  rather  too  little 
and  in--r>  rather  too  much  for  the  output  of  the  large  machine. 
In  order  that  the  output  may  be  doubled,  we  have  w2>2''  =  2, 
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from  which  m=r^6.  The  5<>kw.  machine  must  therefore  have 
an  armature  16^  in.  in  diameter  by  20^  in.  long,  and  must  run 
at  a  speed  of  55o/i'36  =  4O5  revolutions  per  minute.  The 
weight  will  be  increased  in  the  ratio  of  i  :  i'363=i  :  2-5; 
but  the  efficiency  will  be  slightly  better.  The  weight  of 
iron  in  the  four-pole  machine  is :  armature,  710  Ib. ;  field, 
5,190  Ib.;  total,  5,900  Ib. ;  or  2*05  times  that  of  the  small 
two-pole  machine.  The  following  table  shows  these  various 
quantities,  all  being  referred  to  the  small  two-pole  machine  : 

Small  Machine.          , Large  Machine. 


Two-Pole.  Two-Pole.  Four-Pole. 

Output 25  kilowatts     ...  double  ...  double 

Heating   ...  the  same  . . .  slightly  less 

Sparking ...  the  same  . . .  the  same 

Efficiency    ...  slightly  more  ...  the  same 

Speed  550            ...  405  ...  275 

Weight    ...  2'5  times  ...  2 "05  times 

It  will  be  seen  at  a  glance  from  this  table  that  the  four-pole 
machine  is  not  only  lighter  than  the  two-pole  machine,  but 
runs  at  a  considerably  lower  speed.  It  will  heat  a  little  less 
in  the  armature  owing  to  the  more  open  construction,  but  its 
efficiency  will  be  slightly  less.  Apart  from  this  defect,  which 
can,  however,  easily  be  avoided  by  a  slight  increase  of  speed, 
the  four-pole  machine  is  therefore  decidedly  the  better  design 
of  the  two. 
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CHAPTER    XIII. 

Loss  of  Power  in  Dynamos — Eddy  Currents  in  the  Pole- 
Faces — Eddy  Currents  in  the  External  Armature  Con- 
ductors —  Eddy  Currents  in  the  Armature  Core  —  Eddy 
Currents  inside  a  Ring  Armature  —  Eddy  Currents  in 
Armature  Bolts — Experimental  Determination  of  Losses. 

Loss  of  Power  in  Dynamos. 

There  are  various  causes  which  produce  loss  of  power  in  a 
dynamo  machine ;  some  of  these  are  purely  mechanical,  and 
others  are  electrical  or  magnetic.  In  the  field-magnet  system 
of  a  dynamo  the  loss  of  power  is  entirely  electrical — namely, 
that  represented  by  the  product  of  exciting  current  and 
difference  of  potential  between  the  terminals  of  the  exciting 
coil.  The  determination  of  this  loss  is  so  simple  and 
elementary  a  matter  that  it  need  not  further  occupy  us,  but  in 
calculating  the  loss  due  account  must  be  taken  of  the  increase 
of  resistance  with  rise  of  temperature. 

In  the  armature  the  losses  are  of  a  more  complicated 
nature,  and  not  so  easily  determined.  We  have  first  the  loss 
by  friction  in  the  bearings  and  that  between  brushes  and  com- 
mutator. The  latter  is  very  small,  and  may  be  neglected. 
The  former  can  be  easily  calculated,  the  required  formulas 
being  found  in  every  mechanical  text-book.  Care  must, 
however,  be  taken  to  take  into  account  not  only  the  weight 
of  the  armature,  but  also  the  pull  of  the  belt,  if  any,  and 
magnetic  attraction,  if  this  should  not  be  perfectly  balanced. 
Examples  showing  the  influence  of  unbalanced  magnetic 
attraction  have  been  given  in  Chapter  III.  Then  there  is  a 
small  loss  of  power  due  to  air  resistance.  The  armature  being 
a  rapidly-revolving  body  acts  in  a  certain  degree  as  a  fan, 
and  in  properly-designed  machines  this  fan  action  is  made  use 
of  for  ventilating  and  cooling,  but  a  small  amount  of  power 
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is,  of  course,  required  to  drive  the  air  through  the  armature. 
All  these  losses  are,  however,  small  in  comparison  with  the 
electric  and  magnetic  losses. 

These  are  occasioned  by  hysteresis,  eddy  'currents,  and 
armature  resistance,  including  the  resistance  of  brush  contacts. 
As  regards  loss  of  power  by  armature  resistance,  this  can 
be  found  by  Ohm's  law,  and  need  not  occupy  our  attention 
further,  but  the  hysteresis  and  eddy-current  losses  cannot 
be  so  easily  determined.  If  the  magnetisation  curve  of 
the  particular  quality  of  iron  used  for  armature  plates  be 
known,  the  hysteresis  loss  may  be  calculated  approximately. 
We  know  the  average  induction  and  the  number  of  ergs  lost 
per  cubic  centimetre  per  cycle  at  that  induction,  and  from  the 
speed  and  number  of  poles  we  can  calculate  the  frequency. 
The  total  volume  of  iron  is,  of  course,  also  known,  and  we 
have  therefore  all  the  elements  required  to  calculate  the  total 
hysteresis  loss,  but,  as  was  already  said,  the  result  is  only  an 
approximation.  The  reason  is  this :  we  know  the  average 
induction,  but  we  cannot  be  certain  that  this  is  the  true 
induction  in  every  part  of  the  cross-section  of  the  armature 
core.  On  the  contrary,  it  is  highly  probable  that  the  induction 
will  be  greater  at  some  places  than  at  others,  partly  because 
the  length  of  path  varies,  causing  a  greater  crowding  of  lines 
into  the  short  paths  and  a  thinning  out  in  the  long  paths,  and 
partly  because  the  armature  current  itself  must  disturb  the 
even  flow  of  lines.  By  reference  to  the  hysteresis  curves 
(Figs.  30  to  3iA,  Chapter  VI.),  it  will  be  seen  that  the  hysteresis 
loss  increases  faster  than  the  induction,  and,  consequently, 
the  increase  of  hysteresis  loss  in  those  parts  where  the 
induction  is  above  the  average  value  will  outweigh  the 
reduction  of  hysteresis  loss  in  those  parts  where  the  induction 
is  below  the  average  value,  with  the  result  that  the  total  loss 
will  be  greater  than  would  be  the  case  were  the  induction 
uniform. 

The  Foucault  losses  are  of  a  very  complicated  character, 
There  are  eddy  currents  in  the  iron  of  the  core  discs,  there 
may  be  eddy  currents  in  the  pole-pieces,  there  are  eddy 
currents  in  the  active  conductors,  and  there  may  be  eddy 
currents  in  the  shaft,  metal  support  of  the  armature  core, 
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and  the  non-active  parts  of  the  conductors,  such  as  end 
connections  or  internal  conductors  in  a  ring-wound  armature. 
To  determine  these  losses  by  calculation  based  on  theory  is, 
of  course,  quite  hopeless.  We  know  in  a  general  way  how 
the  eddy  currents  in  each  part  of  the  machine  are  caused, 
and  we  can  approximately  guess  their  direction.  But  this 
does  not  help  us  to  determine  the  power  wasted.  All  it 
helps  us  to  do  is  to  so  design  the  machine  that  this  waste 
shall  be  as  small  as  possible  ;  and  having  done  this  we 
must  fall  back  on  experiment  if  we  wish  to  know  the  exact 
amount  of  power  wasted  in  eddy  currents. 

Before  describing  the  kind  of  experiment  required  for  this 
purpose  it  will  be  useful  to  enquire  into  the  general  cause  of 
eddy  currents,  so  that  we  may  be  able  to  form  a  mental 
picture  of  what  is  going  on  in  those  parts  of  the  machine 
which  are  likely  to  become  the  seat  of  eddy  currents.  Take, 
for  instance,  the  case  of  a  Brush  arc  light  machine.  The 
most  cursory  examination  reveals  at  once  the  fact  that  after 
the  machine  has  been  at  work  for  some  time,  the  trailing 
polar  horns  are  much  hotter  than  the  leading  polar  horns. 
It  might,  perhaps,  be  thought  that  this  difference  is  due  to 
hot  air  being  thrown  forward  by  the  armature,  but  such  an 
explanation  is  negatived  by  the  fact  that  if  the  Brush  machine 
be  worked  as  a  motor,  the  leading  polar  horns  become  hotter 
than  the  trailing  horns.  It  is  clear  that  the  heat  in  the 
pole-pieces  cannot  be  heat  communicated  from  the  armature 
by  air  currents,  but  must  be  heat  generated  in  each  pole-piece 
itself,  or,  in  other  words,  must  be  the  effect  of  eddy  currents. 
This  view  is  confirmed  by  the  difference  in  temperature 
between  the  leading  and  trailing  horn.  Eddy  currents  being 
due  to  change  of  induction,  it  is  clear  that  the  higher  the 
induction  and  the  greater  the  change,  the  greater  will  be  the 
heating,  and  this  is  precisely  what  we  find  in  the  polar  horns 
of  the  Brush  machine.  Owing  to  the  armature  reaction, 
which  in  this  type  of  machine  is  extremely  great,  the  induction 
is  piled  up  towards  the  trailing  horn  (compare  Fig.  80),  but  is 
not  kept  steadily  at  its  maximum  value  because  of  the  gaps  in 
the  core  of  the  armature.  There  are  thus  violent  fluctuations 
which  cause  eddy  currents.  Such  fluctuations,  of  course,  take 
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place  also  in  the  leading  horns,  but  to  a  smaller  extent ;  hence 
the  heating  is  less. 

Eddy  Currents  in  the  Pole-Faces. 

The  way  in  which  eddy  currents  are  generated  in  pole-pieces 
will  be  seen  by  reference  to  Fig.  92,  in  which  A  B  C  D  is  the 
surface  of  a  pole-piece  straightened  out,  and  the  shaded  narrow 
rectangles  represent  teeth  on  the  armature  core.  On  account 
of  these  teeth  coming  very  near  to  the  surface  of  the  pole-piece, 
the  induction  is  mainly  concentrated  within  the  shaded  spaces, 
and  as  the  armature  revolves  (movement  from  right  to  left  in 
the  figure),  the  groups  of  bunched  lines  sweep  along  the  polar 
surface,  and  induce  under  each  tooth  an  E.M.F.  in  the  metal 
of  the  pole-piece  parallel  to  the  direction  of  the  spindle.  The 
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E.M.F.  generated  in  the  intermediate  spaces  is  much  smaller, 
and  the  result  is  that  currents  flow  in  the  direction  of  the 
arrows.  It  is  obvious  that  the  greater  the  area  covered  by  the 
teeth  and  the  wider  these  are  apart,  the  greater  will  be  the 
difference  of  E.M.F.  and  the  more  room  will  there  be  for  eddy 
currents.  The  latter  reacting  upon  the  teeth  produce  a 
resisting  torque,  absorbing  power,  and  this  power  reappears 
in  the  shape  of  heat  generated  in  the  teeth  and  pole-pieces. 
In  order  to  minimise  the  loss  from  this  cause,  we  must, 
therefore,  restrict  the  area  through  which  eddy  currents  can 
flow  by  providing  the  armature  core  with  narrow  teeth  set 
close  together.  This  construction  has  also  the  advantage 
that  it  tends  to  reduce  the  difference  of  induction  under  and 
between  the  teeth,  thus  reducing  the  difference  of  E.M.F., 
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which  causes  eddy  currents.  The  modern  practice  in  toothed 
armatures  is,  therefore,  to  make  the  slots  narrow  and  deep. 
Other  methods  to  reduce  eddy  currents  are  to  close  the  top  of 
the  slot  completely — in  other  words,  lay  the  wire  into  holes 
instead  of  grooves,  or  to  make  the  slots  just  wide  enough  at 
the  top  to  permit  winding,  and  wider  below,  so  that  a  number 
of  wires  may  be  laid  side  by  side,  or  to  employ  parallel  slots, 
and  close  them  after  winding  by  a  serving  of  iron  wire.  These 
constructions  are  shown  in  Fig.  93. 

Eddy  Currents  in  the  External  Armature  Conductors. 

If  a  solid  conductor  be  moved  parallel  to  itself  in  a  perfectly 
uniform  field,  no  eddy  currents  whatever  are  produced,  because 


FIG.  93 

the  E.M.F.  in  every  part  of  the  conductor  is  the  same.  If, 
however,  the  field  is  not  uniform,  then  some  parts  of  the 
conductor  at  any  moment  may  be  in  a  stronger  field  than 
other  parts,  and  there  will  be  a  difference  of  E.M.F.  between 
them,  causing  eddy  currents.  Fig.  94  will  make  this  matter 
clear.  A  represents  a  section  through  the  armature  core,  P  a 
section  through  the  pole,  and  a  b  the  cross-section  of  armature 
conductors,  supposed  to  be  solid  bars.  It  will  be  easily  seen 
that  in  the  position  shown  in  the  figure,  the  part  a  of  the  left 
conductor  is  in  a  strong  field,  and  the  part  b  in  a  weak  field, 
being  merely  the  fringe  projecting  out  from  the  polar  edge. 
The  E.M.F.  in  a  will  therefore  be  greater  than  in  b,  and  the 
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result  will  be  a  current  running  up  in  the  right-hand  part  of 
the  conductor,  and  down  in  the  left-hand  part.  When  the 
conductor  has  passed  the  edge  of  the  pole-piece  (as  shown  by 
the  rectangle  a  b  on  the  right),  and  provided  the  field  under 
the  pole-piece  is  uniform,  there  will  be  no  eddy  currents, 
because  the  induction  in  a  will  then  be  the  same  as  that  in  6. 
The  field  can,  however,  only  be  uniform  if  the  machine  is 
working  on  open  circuit.  The  induction  for  the  whole  length 
of  the  pole-piece  is  then  represented  by  the  horizontal  line 
P!  P2  (Fig.  80,  page  228),  and  eddy  currents  occur  only 
under  the  leading  and  trailing  polar  edges,  but  not  under  the 
pole-pieces  themselves.  If  the  machine  works  on  a  closed 
circuit,  the  line  representing  induction  is  distorted,  as  shown 
by  D!  D2,  and  there  are  eddy  currents,  not  only  in  those 
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FIG.  94. 

conductors  which  at  any  given  time  are  under  the  polar 
edges,  but  in  all  the  intermediate  conductors  as  well.  More- 
over, the  eddy  currents  at  the  trailing  edge  are  increased  by 
reason  of  the  larger  induction.  We  conclude  from  this  that 
the  loss  of  power  by  eddy  currents  in  a  machine  working 
on  closed  circuit  will  be  greater  than  in  the  same  machine 
working  on  open  circuit. 

In  order  to  reduce  this  loss  of  power  various  means  may  be 
adopted.  The  most  obvious  remedy  is,  of  course,  to  laminate 
the  conductor.  This  may  be  done  by  building  it  up  of  narrow 
strips,  insulated  from  each  other,  but  in  contact  at  the  ends. 
In  this  case  the  edge  of  the  pole-piece  must  be  of  such  a  shape 
as  not  to  coincide  with  the  edge  of  the  conductor,  so  that  only 
a  small  portion  of  the  latter  can  at  any  time  be  in  a  field  of 
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different  strength  from  that  acting  on  the  rest  of  the  conductor. 
Another  way  of  laminating  is  by  building  the  conductor  up  of 
cable  with  insulated  strands  pressed  into  the  desired  shape. 
We  may  also  chamfer  the  polar  edges,  as  shown  by  the  dotted 
line  in  Fig.  94,  to  make  the  transition  from  the  neutral  space 
to  the  strong  field  more  gradual ;  or  we  may  place  the  con- 
ductors in  grooves,  which  cause  the  lines  of  induction  to  snap 
across  so  suddenly  as  to  give  no  time  for  the  generation  of 
eddy  currents.  Other  things  being  equal  or  proportionate, 
it  will  be  clear  that  the  E.M.F.  causing  eddy  currents  is 
directly  proportional  to  the  average  induction ;  the  eddy 
currents  themselves  are  proportional  to  the  E.M.F.  generating 
them,  and  the  waste  of  power  is  therefore  proportional  to  the 
square  of  the  induction. 

Eddy  Currents  in  the  Armature  Core. 

The  eddy  currents  in  the  armature  core  itself  follow  very 
much  the  same  law  as  those  in  the  external  conductors. 
When  the  core  is  turned  up  in  a  lathe  there  is  danger  of 
the  tool  burring  over  the  edges  of  the  plates,  and  bringing 
them  into  contact,  notwithstanding  the  paper  insulation  ;  and 
if  this  happens,  the  armature  core  becomes  coated  with  a  thin 
film  of  more  or  less  continuous  metal  in  which  eddy  currents 
can  circulate.  In  addition  to  these  there  are  also  eddy 
currents  in  the  body  of  each  plate,  but  with  thin  plates 
these  are  exceedingly  small.  With  careful  workmanship  it 
is  also  possible  to  almost  completely  avoid  contact  between 
the  external  edges  of  the  plates,  so  that,  as  a  rule,  the  loss  of 
power  by  eddy  currents  in  the  armature  core  may  be  reduced 
to  a  negligible  quantity. 

This  loss  may  be  determined  by  the  following  considera- 
tions. Every  possible  section  of  an  armature  disc  taken  at 
right  angles  to  the  lines  of  force  may  be  considered  as  an 
extremely  thin  iron  core,  surrounded  by  a  closed  metallic 
conductor  formed  by  the  periphery  of  the  section.  We  can 
conceive  an  infinite  number  of  such  combinations,  but 
must  observe  that  the  larger  the  portion  of  the  total  thickness 
of  the  lamina  we  consider  as  core,  the  less  is  there  to  be  con- 
sidered as  conductor  and  the  lower  the  resulting  conductivity 
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of  the  latter.  In  every  such  conductor  the  field,  oscillating 
through  it  with  a  frequency  "~^  =pU/2  x  60,  generates 
ah  E.M.F.  proportional  to  the  induction,  the  frequency, 
and  also  to  the  area  of  cross  -  section.  The  area  is 
proportional  to  the  radial  depth  of  the  disc  and  to  that 
portion  of  its  thickness  which  we  consider  as  core.  To 
find  the  total  eddy-current  loss  in  a  disc,  we  must  consider 
the  rectangular  cross-section  as  consisting  of  an  infinite 
number  of  rectangles  inscribed  one  within  the  other,  and 
integrate  the  heating  effect  of  the  infinitesimal  currents  in 
all  such  rectangular  frames.  The  calculation  is  somewhat 
tedious,  and  there  is  no  need  to  carry  it  out  in  detail  here 
again.  It  will  be  seen  without  calculation  that  the  heating 
must  be  proportional  to  the  expression  (A^^~  '$£)2  to  the 
volume,  and,  inversely,  to  the  specific  resistance.  In  this, 
A  stands  for  the  thickness  in  milimetres.  If  the  eddy  loss 
is  to  be  referred  to  unit  weight  instead  of  to  unit  volume  — 
to  the  kilogramme,  for  instance  —  the  loss  per  kilogramme 
of  lamina  may  be  expressed  in  watts  as 


P.  -0-19 

The  coefficient  O'lg  is  slightly  greater  than  the  mean  value 
for  the  specific  resistance  of  wrought  iron  as  obtained  by 
calculation  —  viz.,  0-13.  By  taking  the  higher  value  o'ig, 
allowance  will  be  made  for  the  extra  loss  due  to  a  non-uniform 
distribution  of  the  induction  over  the  section. 

Eddy  Currents  in  the  Interior  of  Ring  Armatures. 

In  addition  to  the  losses  detailed  above,  there  is  in  ring 
armatures  another  loss  caused  by  eddy  currents  in  the  internal 
conductors  and  metal  parts  within  the  armature  core.  If  the 
sectional  area  of  the  core  be  sufficient,  there  is,  of  course,  no 
internal  field  in  a  machine  working  on  open  circuit.  But  as 
soon  as  a  current  flows  an  internal  field  is  produced  (see 
Fig.  73),  and  since  the  lines  of  this  field  are  stationary  in  space 
they  must  be  cut  by  the  internal  conductors,  the  shaft,  hub, 
and  supporting  arms  of  the  armature  core,  as  will  be  seen  by 
Fig.  95.  The  internal  field  due  to  the  armature  current  is 
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shown  by  dotted  lines,  and  a  few  of  the  internal  conductors,  C, 
are  also  shown.  If  the  hub,  with  the  arms,  were  made  of  iron, 
the  internal  field  would  become  much  stronger  and  the  losses 
greater.  To  minimise  this  loss,  the  best  modern  ring  machines 
are  made  with  a  hub  and  arms  of  gun-metal.  This  is,  how- 
ever, only  a  palliative.  The  loss  cannot  be  entirely  avoided, 
and  it  is  important  to  note  that  it  increases  with  the  output, 
This  kind  of  loss  does,  of  course,  not  occur  in  a  drum 
armature,  since  there  are  no  internal  conductors,  and  it  follows 


FIG.  95. 

that,  other  things  being  equal,  the  drum  machine  must  have 
a  slightly  higher  efficiency  than  the  ring  machine. 

Eddy  Currents  in  Armature  Bolts. 

If  the  armature  core  is  held  together  by  bolts,  b  (Fig.  96), 
it  is  advisable  to  insulate  these  unless  the  radial  depth  of  the 
core  between  the  bolts  and  the  outer  circumference  is  very 
large.  In  order  to  study  the  eddy  currents  in  uninsulated 
bolts,  we  will  consider  the  armature  to  be  standing  still  in 
a  fully  excited  field.  The  path  of  the  lines  of  force  inside 
the  core  will  then  be  as  indicated  by  the  dotted  lines.  If 
there  be  F  lines  leaving  each  pole,  and  the  bolts  are  placed 
at  half  the  radial  depth  of  the  core,  then  each  bolt  cuts,  in 
its  passage  from  one  position  between  the  poles  to  the  next 
(from  6j  to  b2  or  from  b2  to  63),  a  number  of  lines  equal  to  i  F. 
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If  we  next  assume  that  there  are  as  many  bolts  as  poles,  and 
that  the  end  plates  form  a  conducting  connection  between  the 
individual  bolts,  we  may  consider  the  p  bolts  as  the  winding 
of  an  alternator  armature.  The  motion  of  the  armature  will 
set  up  in  each  bolt  an  alternating  E.M.F.,  which  will  have 
its  maximum  value  when  the  bolt  is  opposite  the  centre  of  a 
pole.  In  the  position  in  the  figure  the  E.M.F.  is  zero.  Since 
the  bolts  are  embedded  in  iron,  their  inductance  is,  in  propor- 
tion to  their  resistance,  enormous,  and  the  alternating  current 
set  up  will  have  a  phase  displacement  of  very  nearly  go  deg. 
The  current  in  the  bolts  will  be  a  maximum  in  the  position 
shown,  and  its  direction  must  be  such  as  to  set  up  a  circular 
magnetic  field  round  the  bolts  which  tends  to  displace  the 
original  field  outwards.  The  number  of  lines  enclosed  within 


FIG.  96. 


FIG.  97. 


the  path  of  the  bolts  is  thus  diminished,  and,  moreover,  the 
diminution  increases  as  the  ohmic  resistance  of  the  bolts  is 
decreased,  so  that  the  resultant  field  flux  no  longer  follows  the 
course  indicated  in  Fig.  96,  but  must  rather  be  considered  as 
taking  that  indicated  in  Fig.  97,  in  which,  of  course,  the  core 
flux  between  the  bolts  and  outer  periphery  has  correspondingly 
increased,  while  the  inner  part  of  the  core  carries  hardly  any 
lines,  and  has  become  practically  useless.  Since  in  any  case 
the  resistance  of  the  bolts  is  very  low,  it  only  requires  a  very 
low  E.M.F.  to  set  up  quite  a  considerable  current  in  them  ; 
that  portion  of  the  field,  also,  which  still  passes  inside  the 
bolts  is  small,  and  may,  without  much  error,  be  considered  as 
negligible  in  comparison  with  the  main  field,  F.  We  may 
therefore  conclude  that  the  whole  field,  F,  passes  through 
the  core  outside  the  bolts,  and  that  the  induction,  ?8,  rises 
to  double  the  value  it  would  have  if  the  armature  were 
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standing  still.  It  is  clear  that  the  employment  of  uninsulated 
bolts1  results  in  a  loss  of  power,  and  that  from  two  causes  — 
first,  by  heating  in  the  bolts  themselves,  and,  further,  by 
increasing  the  hysteresis  and  eddy-current  losses  in  the  core. 

In  order  to  make  an  approximation  to  the  magnitude  of  the 
losses,  we  will  consider  a  practical  case.  Take  the  armature 
of  a  six-pole  machine  of  180  kw.  as  being  30  cm.  long,  and 
having  a  diameter  of  120  cm.  inside  the  slots.  Take  the  radial 
depth  as  18  cm.,  and  the  speed  as  250  revolutions  per  minute. 
Let  the  armature  be  held  together  by  six  bolts  of  2  cm. 
diameter,  placed  in  the  centre  of  the  armature  depth,  and 
therefore  9  cm.  from  the  slots.  If  these  bolts  were  insulated, 
we  should  have,  with  9  million  lines  and  an  armature  cross- 
section  of  485  square  centimetres. 

¥«  =  9*250. 

The  weight  of  iron  inside  the  slots  is  1,240  kgrm.  The 
frequency  is 


With  an  induction  of  9,250  and  !/*^  -  12-5,  the  hysteresis 
and  eddy  loss  is  o'86  watt  per  kilogramme  of  iron  and  the  loss 
in  the  iron  lying  inside  the  slot  diameter  is  1,060  watts.  We 
do  not  need  to  take  account  of  the  loss  in  the  teeth  between 
the  slots,  since  it  is  not  affected  by  the  displacement  of  the 
flux  in  the  core. 

If,  on  the  other  hand,  the  bolts  are  not  insulated,  $$o  will 
rise  to  substantially  double  its  former  value,  and  at  this 
induction  —  viz.,  18,000  —  and  at  a  frequency  of  ^"—  •  =  12*5,  the 
loss  due  to  hysteresis  and  eddies  is  2*85  watts  per  kilogramme. 
Of  course  the  weight  of  iron  subjected  to  the  higher  induc- 
tion is  less,  it  being  the  portion  lying  between  the  bolts  and 
the  slots.  It  amounts  to,  roughly,  660  kgrm.,  and  the  loss 
works  but  to 

660  x  2-85  =  1,880. 

1  See  Fisher-  Hinnen,  "Sur  la  Non-Isolation  des  Boulons  traversant  le  fer  des 
Induits"  (L'  Industrie  Eltctrique,  1898,  No.  150).  In  this  investigation  Fisher- 
Hinnen  shows  the  loss  to  be  negligible.  He  has,  however,  overlooked  the  fact 
that  the  forcing  of  the  lines  into  the  outer  portion  of  the  core  not  only  increases 
the  loss  in  the  armature  iron,  but  that  a  much  stronger  current  than  he  calculates 
must  be  flowing  in  the  bolts. 
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It  has  increased  therefore  by  820  watts.  In  addition  to  this, 
we  have  the  heat  loss  in  the  bolts  themselves.  The  resistance 
of  a  bolt  and  its  connections  may  be  taken  at  0*00025  ohm. 
To  estimate  the  current  in  the  bolts  we  must  consider  that 
the  current  has  to  dam  back  the  flux,  and  must  therefore  be 
not  less  at  its  maximum  than  the  number  of  ampere-turns 
requisite  to  overcome  the  magnetic  reluctance  of  the  armature, 
when  $£a  =  18,000 — that  is,  roughly  140  per  centimetre  of 
path. 

A  sketch  will  enable  us  to  determine  approximately  the  path 
of  the  flux,  and  to  estimate  the  mean  length  of  the  path  where 
flux  is  most  dense  at  20  cm.  This  gives  the  maximum  current 
in  each  bolt  at 

10  x  140=  1,400  amperes. 

The  virtual  value  is  less,  as  i  :  Jz. 
and  c  =  1,000. 

A  virtual  E.M.F.  of  0*25  volt  is  needed  for  this.  This 
corresponds  to  a  field  of  900,000  lines — that  is  to  say,  roughly 
10  per  cent,  of  the  field  remain  enclosed  by  the  bolts  and 
go  per  cent,  is  forced  out  by  the  current  in  the  bolts.  The 
heating  in  each  bolt  is 

1,000  x  0*25  =  250  watts, 

.amounting  to  1,500  watts  in  the  six. 

The  increased  iron  loss  and  the  loss  in  the  bolts  thus  make 
a  total  of  2*3  kw.,  or  1*28  per  cent,  of  the  output  of  the 
machine.  It  is  thus  evident  that  if  bolts  passing  through 
the  core  are  employed  at  all,  it  is  advisable  to  insulate  them. 

Experimental  Determination  of  Losses. 

The  determination  of  the  total  losses  in  a  dynamo,  when 
working  on  open  circuit,  can  be  made  very  accurately  by 
running  the  machine  as  a  motor  and  observing  the  power 
supplied.  Care  must,  of  course,  be  taken  to  so  adjust  the 
supply  of  power  that  the  machine  runs  at  its  normal  speed 
and  with  the  normal  brush  voltage.  If  this  be  the  case,  the 
strength  of  field  and  the  field  excitation  will  be  approxi- 
mately the  same  as  when  the  machine  works  as  a  dynamo. 
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They  cannot,  of  course,  be  exactly  the  same  because  of 
armature  reaction  and  resistance,  but  as  the  effect  of  these 
disturbing  influences  is  approximately  known,  it  is  easy  to 
so  alter  the  excitation  as  to  fairly  represent  the  actual 
working  conditions.  The  measurement  of  electric  power 
supplied  to  the  armature  can  be  made  with  very  great 
accuracy,  and  the  power  supplied  for  field  excitation  is  also 
easily  found.  All  we  require  for  the  experiment  is  a  speed 
counter,  a  voltmeter,  and  an  ampere-meter.  The  result  of 
such  an  experiment  is,  however,  not  sufficient  for  practical 
work.  It  is  no  doubt  of  some  value  to  know  exactly  how 
much  power  is  wasted  in  the  field  and  how  much  is  wasted 
in  the  armature,  but  as  regards  the  latter  we  want  some- 
thing more.  In  addition  to  knowing  the  total  waste,  we 
want  to  know  how  this  total  is  made  up.  We  wish,  in 
other  words,  to  separate  the  total  loss  into  its  component 
parts,  so  that  we  may  see  in  what  direction  improvements 
may  be  possible,  or  what  the  effect  of  any  alteration  in  design 
has  been.  Take,  as  an  example,  the  question  of  how  far 
the  conductors  should  be  stranded  or  otherwise  sub-divided. 
The  greater  the  amount  of  sub-division,  the  more  space  is 
wasted  in  insulation  and  the  more  expensive  becomes 
the  machine.  On  the  other  hand,  the  more  we  sub-divide, 
the  smaller  becomes  the  eddy-current  loss.  The  design  of 
machine  actually  adopted  is  therefore  a  compromise  between 
that  which  is  theoretically  perfect  and  that  which  is  com- 
mercially feasible,  and  in  order  that  the  designer  may  be  able 
to  strike  the  balance  between  these  conflicting  conditions 
properly,  he  must  know  up  to  what  point  sub-division  of 
conductors  is  of  importance.  This  point  he  can  only  deter- 
mine if  he  is  able  to  measure  the  loss  occasioned  by  imperfect 
sub-division  in  any  type  of  conductor ;  in  other  words,  if  he 
can  separate  eddy-current  losses  from  the  total  loss. 

For  the  same  strength  of  field  the  hysteresis  loss  is  obviously 
proportional  to  the  speed,  and  the  same  holds  good  for  the 
frictional  losses,  provided  the  speed  be  not  reduced  too  much. 
The  eddy-current  losses  being  proportional  to  the  square  of 
the  E.M.F.'s  which  produce  them,  must,  for  the  same  strength 
of  field,  be  proportional  to  the  square  of  the  speed.  Taking 
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advantage  of  the  fact  that  the  two  kinds  of  losses  follow 
different  laws,  we  can  separate  them  as  follows  :  We  excite 
the  machine  under  test  from  an  independent  source,  and  keep 
the  excitation  constant.  We  also  send  a  current  through  the 
armature,  whereby  the  latter  is  set  revolving,  and  we  vary 
the  voltage  applied  so  as  to  get  a  variation  in  speed.  The 
current  required  to  run  an  armature  light  is  so  small  that 
we  may  neglect  armature  reaction  and  resistance,  and 


H 


FIG.  98. 

consider  the  measured  brush  voltage  to  be  equal  to  the 
armature  E.M.F.  We  now  take  three  readings — namely, 
speed  (ri),  current  (c),  and  voltage  (e).  If  we  increase  the 
voltage,  we  increase  all  the  readings;  and  by  suitable 
arrangements  for  the  purpose  we  can  very  rapidly  take 
a  large  number  of  readings.  If  we  plot  the  current  as 
a  function  of  the  speed,  we  obtain  a  sensibly  straight 
line  (Fig.  98),  and  the  point  A,  where  this  line  cuts  the 
vertical,  corresponds  to  the  current  at  which  the  armature 
would  just  start,  provided  the  frictional  resistance  were 
not  increased  at  a  very  slow  speed  or  at  rest.  Since  the 
coefficient  of  friction  does,  however,  increase,  it  would 
be  incorrect  to  determine  the  point  A  by  measuring  the 
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current  at  starting,  but  we  can  find  it  by  measuring  the 
current  for  a  moderate  speed  and  projecting  the  line  back- 
wards. The  length  O  A  =  c0  represents,  then,  the  initial 
current  at  no  speed,  and  the  length  B  F  =  c  represents  the 
maximum  current  at  the  normal  speed,  n  =  O  B.  Since 
the  resistance  due  to  hysteresis  and  friction  is  independent 
of  the  speed  we  may  consider  the  maximum  current,  c,  made 
up  of  two  parts  —  namely,  c0  =  B  H  —  required  to  produce  the 
torque  which  just  balances  the  resistance  due  to  friction  and 
hysteresis  —  and  c  —  c0  =  H  F,  required  to  produce  the  torque 
which  balances  the  resistance  of  eddy  currents.  Calling 
WA  the  loss  due  to  hysteresis  and  friction  and  W/  that 
due  to  eddy  currents,  we  have  the  total  measured  loss  — 

W    =  WA  +  W/  ; 
W    =  ec; 


We  are  thus  able  by  means  of  a  very  simple  experiment 
to  determine  the  eddy-current  loss,  but  it  should  be  remem- 
bered that  this  determination  is  only  valid  for  the  machine 
working  on  open  circuit.  When  the  machine  is  working  on 
closed  circuit,  the  eddy-current  loss  is  increased  for  the 
reasons  above  stated. 

It  is,  however,  possible  to  adapt  the  method  here  described 
for  the  measurement  of  eddy-current  losses  under  full  load. 
We  require  for  this  purpose  two  machines  of  equal  size  and 
type,  and  a  third  machine  of  smaller  power,  but  giving  the 
same  current.  The  two  machines  to  be  tested  are  rigidly 
coupled,  and  their  armatures  are  placed  in  series  with  each 
other  and  with  the  small  machine.  The  fields  are  so  arranged 
that  one  machine  is  working  as  a  generator  and  the  other 
as  a  motor,  the  power  to  keep  the  combination  at  work 
being  supplied  by  the  small  machine.  By  suitably  adjusting 
the  field  excitation  of  the  two  machines  and  the  E.M.F.  of 
the  small  machine,  we  can  keep  the  current  fairly  constant 
over  large  Variations  of  speed,  and  thus  obtain  a  series  of 
readings  which  enable  us  to  separately  determine  the  various 
losses. 
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CHAPTER    XIV. 

Examples  of  Direct-Current  Dynamos— Horseshoe  Machines — 

Manchester-Type  Machines — Machines  with  External  Field  — 

Machines  with  Internal  Field. 

Examples  of  Direct-Current  Dynamos. 

A  full  description  of  the  many  kinds  of  direct-current 
machines  in  use  at  the  present  time  would  extend  beyond 
the  limits  of  this  book,  and  is,  moreover,  superfluous,  since 
such  descriptions,  together  with  the  most  important  con- 
structional details,  are  given  somewhat  fully  in  the  author's 
work,  "Dynamo  Construction:  Electrical  and  Mechanical." 
In  order,  however,  to  show  how  the  principles  developed  in 
the  preceding  chapters  receive  practical  application  in  the 
construction  of  machines,  a  few  examples,  limited  to  some  of 
the  commonest  types  in  use,  may  be  cited  here.  The  material 
for  the  following  descriptions  has  been  most  kindly  supplied 
for  the  purpose  by  the  manufacturers  of  the  machines. 

Horseshoe-Type  Machines. 

The  horseshoe  type  is  a  favourite  with  manufacturers  for 
small  or  medium-sized  machines.  Each  maker  has,  of 
course,  his  own  special  design  as  regards  proportions  and 
construction  of  details,  but  the  general  type  of  field  is  that 
shown  in  Fig.  58c.  The  reason  why  this  type  is  so  much 
used  will  be  clear  on  inspection  of  Fig.  58c  (page  172),  and 
the  table  on  page  182.  The  construction  is  mechanically 
strong  and  simple,  the  amount  of  exciting  copper  is  very 
moderate,  and  the  commutator  and  bearings  are  at  a  con- 
venient height.  The  fact  that  the  bed-plate  of  the  machine 
may  be  utilised  as  yoke,  and  that  no  gunmetal  supports  are 
required  for  the  field,  is  an  additional  advantage,  because 
tending  to  reduce  cost. 
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The  particular  machine  illustrated  in  Figs.  99  and  100 
was  designed  by  the  author  and  made  by  Messrs.  Johnson 
and  Phillips  for  an  output  of  15  kw.  when  driven  at  870 
revolutions  per  minute.  The  terminal  pressure  is  140  volts. 


The  armature  core  is  made  up  in  the  usual  way  of  soft-iron 
discs,  insulated  from  each  other,  and  supported  on  the  three 
wings  of  a  central  hub.  The  washers  are  pressed  together 
by  end  cheeks,  also  provided  with  wings  and  hub,  so  that 


AND   TRANSFORMERS. 


287 


the  spaces  between  the  wings  remain  open  from  end  to  end, 
and  air  can  pass  freely  through  the  armature  between  the 
hub  and  the  core,  the  flow  of  air  being  promoted  kby  the 
fanning  action  of  the  connecting  strips  between  the  commu- 
tator and  the  armature  bars.  In  armatures  which  are 
completely  closed  at  the  ends  the  heat  generated  in  the 
iron  core  can  obviously  only  be  dissipated  by  passing 


FIG.    100. 

through  the  external  surface— that  is,  through  the  copper 
conductors  and  their  insulation  ;  but  if  proper  provision  is 
made  for  end  ventilation,  a  considerable  portion  of  the  heat 
due  to  hysteresis  and  eddy  currents  in  the  core  is  carried 
off  by  the  air  direct,  and  to  that  extent  the  winding  is  kept 
cooler.  In'  addition  to  this  end-to-end  ventilation,  provision 
is  made  for  a  moderate  amount  of  radial  ventilation  by  the 
insertion  between  the  thin  iron  washers  of  pairs  of  stouter 
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iron  washers,  kept  a  definite  distance  apart  by  fibre  distance- 
pieces,  so  that  air  channels  are  left.  These  stout  washers 
are  provided  with  external  projections,  or  teeth,  penetrating 
through  the  winding,  but  insulated  from  it  by  fibre  and  mica. 
Thus  a  series  of  holes  is  left,  through  which  air  can  escape 
radially,  and  this  also  helps  to  some  slight  extent  to  keep 
the  armature  cool.  The  chief  reason  for  the  employment  of 
these  stout  washers  with  projecting  teeth  is,  however,  a 
mechanical  one — namely,  to  transmit  the  driving  power 
from  the  spindle  to  the  external  conductors  in  a  positive 
and  reliable  manner.  It  has  been  shown  in  Chapter  IV., 
page  55,  how  the  force  can  be  calculated  that  is  required 
to  move  a  conductor  carrying  a  given  current  through 
a  magnetic  field  of  given  intensity.  It  was  there  shown 
that  with  a  current  of  100  amperes  flowing  through  the 
wire,  each  foot  of  wire  is  subjected,  in  a  field  of  5,000 
C.G.S.  units,  to  a  drag  of  about  3^  Ib.  In  a  stronger  field 
the  force  would  be  greater,  and  in  a  weaker  field  smaller,  but 
for  a  rough  calculation,  we  may  take  a  force  of  3^  Ib.  per 
100  ampere-feet,  or  '035  Ib.  per  ampere-foot  of  conductor, 
as  a  fair  average  value.  Thus  in  a  two-pole  machine,  with 
an  armature  12  in.  long,  each  of  the  conductors  under  the 
pole-pieces  (or  about  75  per  cent,  of  all  the  conductors)  would 
be  subject  to  a  drag  of  3|lb.  when  the  total  armature  current 
is  200  amperes,  or  if  Ib.  when  the  total  armature  current 
is  100  amperes.  This,  taken  for  one  conductor  alone,  is 
not  a  very  large  force ;  but  if  it  be  remembered  that  the 
number  of  conductors  is  counted  by  hundreds,  it  will  be  seen 
that  the  aggregate  effect  is  one  of  considerable  magnitude. 

It  is  also  necessary  to  bear  in  mind  that  a  dynamo  machine 
may  at  some  time  or  other  be  subjected  to  rough  usage,  such 
as  an  accidental  short-circuit,  when  the  current,  and  con- 
sequently the  mechanical  strain  on  the  conductors,  will  be 
much  greater  than  during  regular  work,  and  for  this  reason 
it  is  very  important  to  make  ample  provision  for  positive 
driving. 

In  the  machine  illustrated  there  are  two  sets  of  stout 
washers,  or  driving  discs,  each  having  four  driving  horns. 
The  total  force  required  for  pushing  the  conductors  through 


AND   TRANSFORMERS.  289 

the  field  is  therefore  divided  between  eight  driving  horns. 
What  is  the  force  which  each  horn  must  exert  in  regular 
work  ?  Assuming  for  the  purpose  of  this  calculation,  which 
need  obviously  only  be  an  approximation,  that  the  machine 
has  an  efficiency  of  85  per  cent.,  we  find  that  the  total  power 
put  into  the  spindle  at  870  revolutions  per  minute  will  be 
T5/o'85  =  17*6  kw.,  or  about  23*6  h.p.  A  small  portion  of 
this  power  is  absorbed  in  losses  occurring  in  the  bearings 
and  armature  core,  and,  therefore,  does  not  reach  the  armature 
conductors ;  but  it  would  be  pushing  scientific  accuracy  beyond 
the  limit  of  practical  work  if  we  were  to  make  a  deduction  on 
that  account,  especially  as  there  may  be  initial  stresses  in  the 
driving  horns,  due  to  imperfect  workmanship  in  laying  the 
conductors  on,  which  are  quite  beyond  the  reach  of  calculation. 
We  have,  therefore,  to  do  23*6  h.p.  by  means  of  eight  horns, 
or  very  nearly  3  h.p.  per  horn.  The  core  is  10  in.  diameter  by 
12  in.  long,  the  discs  being  2  in.  wide.  The  speed  at  which  the 

driving  energy  is  transmitted  is  therefore  ^^  x  870  =  2, 270  ft. 

per  minute,  and  the  force  is  P  =  33>°°°  x  3,    or    in   round 

2,270 

figures  P  =  43  Ib. 

The  net  cross-sectional  area  in  the  armature  core  is 
A»  =  39'5  square  inches,  and  there  are  216  armature  bars, 
the  end  connections  being  in  the  shape  of  semicircular  copper 
plates,  with  tags  at  each  end.  These  plates  are  separately 
insulated  and  placed  spirally  side  by  side  into  the  insulated 
channel  of  a  cast-iron  carrier.  As  will  be  seen  from  the 
longitudinal  section  of  the  machine,  the  tags  are  bent  at  right 
angles  to  the  surface  of  the  plates,  and  thus  form  at  each  end 
of  the  carrier  a  row  of  connecting  pieces,  to  which  the  ends  of 
the  corresponding  bars  are  soldered. 

The  resistance  of  the  armature,  warm,  is  '0507  ohm,  and 
that  of  the  shunt  coils  (1,452  turns  on  each  limb)  is  26*05  ohms. 
The  magnets  are  formed  by  wrought-iron  slabs  n^in.  wide  by 
5^in.  thick,  and  their  area  is 

A.m  =  62  square  inches. 

At  140  volts  the  armature  current  is  107  amperes  for  the 

19 
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external  circuit,,  and  140/26*05  =  5*37  amperes  for  excitation, 
or  a  total  of  112-37  amperes,  causing  a  loss  of  5*7  volts  in  the 
armature.  The  total  useful  field  is  therefore  found  from  the 
formula  — 

145-7  =  Z  x  216  x  870  x  io~6. 

Z  =  773- 

The  electrical  efficiency  of  the  machine  is  the  ratio  of  the 
output  to  the  electrical  energy  generated  in  the  armature 
conductors,  or 

140  x  107 
145-7  x  112-37 


16,372 

YI  =  91-5  per  cent. 

In  the  two  examples  of  dynamos  here  quoted,  the  electrical 
efficiency  has  been  given  to  show  the  method  of  calculating  it, 
but  from  a  practical  point  of  view  it  is  not  the  electrical,  but 
the   mechanical   efficiency    (sometimes   also   called   the   com- 
mercial efficiency)  which  is  of  importance,  and  it  will,  therefore, 
be   useful   to   cite  the  example  of  a  dynamo,  also  made  by 
Messrs.   Johnson    and    Phillips,    for    which   the    mechanical 
efficiency  has  been  determined  by  the  method   described   in 
the  last  chapter.     The  machine  is  of  the  same  type  as  shown 
in  Figs.  99  and  100,  but  larger.    Armature  core,  14  in.  diameter 
by  19  in.  long.     Radial  depth  of  core,  3  in.     Output,  42  kw. 
(600   amperes   at  70   volts)    at   470   revolutions   per   minute. 
Field,    compound    wound    for    constant    terminal    pressure. 
Shunt  exciting   power,    20,000   ampere-turns  ;    main   exciting 
power,   10,000    ampere-turns.      Loss  of   pressure   over  main 
coils,  i  volt  ;    loss  of  current  in  shunt  coils,  13*62   amperes. 
The  armature   contains   84   subdivided   bars,  and   the   cross- 
sections  of  connectors  exceeds  that  of  the  bars   by   70   per 
cent.     Total  armature  resistance  from  brush  to  brush,  '0036 
ohm  when  warm.     From  these  data  we  find 
Loss  of  energy  in  shunt  coils    ........................        970  watts. 

Loss  of  energy  in  main  coils  ...........................        600  watts. 

Loss  of  energy  due  to  armature  resistance     ......      1,358  watts. 

Total     ..........................................     2,928  watts. 
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The  electrical  efficiency^of  this  machine  is  therefore 
—  93*438  per  cent. 


42,000  +  2,928 

The  mechanical  efficiency  is,  of  course,  lower,  because,  in 
addition  to  the  2,928  watts  absorbed  by  resistance  in  the 
field  and  armature,  we  must  provide  sufficient  energy  to 
cover  the  losses  due  to  magnetic  and  mechanical  friction  and 
eddy  currents.  These  losses  were  determined  in  the  manner 
detailed  in  the  last  chapter. 

The  field  of  the  machine  was  separately  exciled,  and  a 
current  sent  through  the  armature  so  as  to  run  the  machine 
light  as  a  motor.  By  plotting  the  current  as  a  function  of 
the  speed  we  obtain  a  straight  line,  which  cuts  the  axis  of 
ordinates  at  the  point  corresponding  to  9' 2  amperes.  This, 
therefore,  is  the  current  required  at  that  particular  excitation 
for  overcoming  all  frictional  resistances.  When  the  pressure 
was  raised  to  73  volts  the  speed  was  464  revolutions  per 
minute,  and  the  current  was  17  amperes.  We  have  therefore 

Total  losses  W    =17    x  73  =  1,241  watts. 

Frictional  losses        W/t  =  9'2  x  73  =  671*6  watts. 

Eddy-current  losses  W/  =  7*8  x  73  =  569*4  watts. 
These  losses  refer,  of  course,  only  to  the  speed  of  464 
revolutions  per  minute,  and  for  a  different  speed  other  values 
would  be  found.  It  is,  however,  not  necessary  to  repeat  the 
experiment  for  different  speeds,  since  the  law  of  these  losses 
is  known.  It  was  shown  in  the  last  chapter  that  the  frictional 
losses  vary  as  the  speed  and  the  eddy-current  losses  as  the 
square  of  the  speed.  It  is  therefore  possible  to  represent  each 
group  of  losses  by  a  simple  expression — thus  : 

W    =fn( 

where  n  is  the  speed  in  revolutions  per  minute,  and  h  and  /  are 
coefficients  for  frictional  and  eddy-current  losses  respectively. 
To  avoid  large  numbers  it  is  convenient  to  insert,  not  the 
speed,  but  the  speed  divided  by  100 — thus : 

W*  =  h  ^ 
100 
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We  can  now  determine  the  coefficients  h  and  /  from  the 
observed  values  for  W/,  and  W/,  and  find 

h  =  144*2  /=26'5. 

The  losses  at  470  revolutions  per  minute  are  then  found  to  be 
\V/t  =  144*2  .  4*70  =  680, 
W/  =  26-5  .  (4*7o)2  =  583; 

or  a  total  of  1,263  watts  for  the  machine  running  light  at  470 
revolutions  per  minute.    If  we  allow  an  increase  of  30  per  cent. 


in  the  eddy-current  losses  when  running  at  full  load,  we  find 
that  1,439  watts  are  wasted  over  and  above  the  2,928  watts 
absorbed  by  resistance  in  the  field  and  armature,  bringing  the 
total  loss  up  to  4,367  watts.  The  mechanical  efficiency  of  the 
machine  when  working  at  full  load  is  therefore 

42,000 
" 


^  =  goi  per  cent. 
The    well-known    LH-machine    of    Messrs.    Siemens    and 
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Halske,  of  Berlin,  is  similar  to  the  last,  as  will  be  seen  from 
Figs.  101  and  102.  The  field  magnets  are  cast  in  one  piece 
with  the  bed-plate,  and  carry  coils  which  are  slipped  on  after 
they  have  been  wound.  The  armature  core  is  built  up  of 
thin  iron  discs  insulated  with  paraffined  paper ;  they  are 
threaded  on  to  the  spindle,  and  held  together  by  two  cheeks 
pressed  against  them  by  nuts.  The  discs  are  toothed,  and  so 
assembled  on  the  spindle  as  to  form  slots  for  the  drum  winding 
in  the  cylindrical  surface.  The  windings  are  thus  securely 
held,  and  are  well  protected  against  damage  from  rubbing. 


FIG.    102. 


The  commutator  segments  are  carried  by  an  insulated  metal 
sleeve  held  on  the  spindle  by  screws,  and  can  be  readily 
removed  for  repair  when  the  armature  connections  have  been 
released.  Carbon  or  copper  brushes  may  be  used  as  preferred. 
The  former  have  a  somewhat  higher  resistance,  but  wear  the 
commutator  less,  and  effect  a  sparkless  collection  of  current. 
If  the  machine  is  to  work  as  a  motor,  and  to  run  both 
backwards  and  forwards,  carbon  block  brushes  with  the  edges 
rounded  off  are  used,  and  are  held  on  to  the  commutator 
by  springs.  The  bearings  are  provided  with  automatic  ring 
lubrication,  and  demand,  therefore,  very  little  attention. 
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The  machine  illustrated  here  has  40  slots  in  the  armature 
and  the  same  number  of  commutator  segments.  In  each  slot 
are  three  copper-tape  windings  of  5  mm.  x  10  mm.  The  field 
coils  contain  3,040  turns  of  copper  wire  1*75  mm.  diameter. 
The  resistance  of  the  armature  from  brush  to  brush  is  o'O4i5 
ohm  and  that  of  the  field  coils  1775  ohms  at  15  [deg.  C. 
The  normal  load  of  the  machine  is  75  amperes  at  65  volts  at 
a  speed  of  920  revolutions  per  minute.  At  the  maximum 
permissible  speed  of  1,320,  it  gives  at  [the  same  voltage 
85  amperes  at  an  efficiency  of  78  per  cent.  The  spindle  is 
95  cm.  long,  and  projects  40^6  cm.  over  the  floor.  The  width 
of  the  machine  is  59  cm.,  and  its  weight  425  kgrm. 


? 
FIG.  103. 

An  interesting  example  of  this  type  is  the  double  machine  of 
Siemens  and  Halske.  In  this  machine  two  vertical  horseshoe 
magnets  are  cast  in  one  with  the  [base-plate,  so  that  the  polar 
surfaces  of  the  two  lie  on  the  same  cylindrical^  surface.  The 
armatures  are  carried  on  one  spindle  running  in  three  bearings. 
One  acts  as  motor  and  the  other  as  generator. 

For  power  transmission  the  two  armatures  are  wound  for 
different  voltages,  so  that  by  means  of  the  double  machine  the 
long-distance  high-tension  supply  current  can  be  transformed 
into  low-tension  supply  for  local  distribution.  These  machines 
may  also  serve  as  balancers  on  a  three-wire  system,  or  as 
charging  boosters  for  accumulators. 
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When  the  machine  is  worked  as  a  three-wire  balancer,  the 
two  armatures  receive  identical  windings.  The  main  gene- 
rator feeds  into  the  two  outer  mains,  and  the  two  balancer 
armatures  are  connected  each  between  an  outer  and  the 
middle  wire ;  the  balancer  fields,  however,  are  each  connected 
to  the  opposite  side  of  the  system  to  that  on  which  its 
armature  is.  If  both  sides  of  the  system  are  equally  loaded, 
the  two  armatures  run  as  motors  at  such  a  speed  as  will  bring 
their  back  E.M.F.  to  just  balance  that  of  each  side  of  the 
system,  and  only  so  much  current  will  be  taken  as  is  needed 
to  supply  the  internal  losses  of  the  double  machine.  If  the 
two  sides  of  the  system  become  unequally  loaded,  the  armature 
on  the  more  lightly-loaded  side  takes  current  from  that  side  as 
a  motor  and  drives  the  other  as  a  generator,  in  such  a  way  as 
to  supplement  the  supply  to  the  more  heavily-loaded  side  of 

the  system. 

Manchester-Type  Machines. 

Various  types  of  machines  are  given  on  p.  172,  but  we  will 
only  consider  the  Manchester  type  as  represented  by  a  machine 
built  by  Messrs.  Scbuckert. 

Fig.  103  gives  a  general  view  of  this  machine.  The  field 
magnets  proper  and  the  lower  yoke  are  cast  in  one  with  the 
bed-plate.  The  upper  yoke  is  bolted  to  the  magnets  after 
the  field  coils  have  been  slipped  on.  The  armature  is  a  ring. 
The  low  position  of  the  shaft  enables  the  machine  to  be 
readily  coupled,  if  desired,  direct  to  a  high-speed  engine. 
The  machines  are  built  for  pressures  of  from  1,200  to  3,000 
volts,  and  are  employed  in  power  transmission  undertakings. 

Machines  with   External   Poles. 

In  the  section  devoted  to  the  advantages  of  multipolar 
machines  it  was  shown  that  two-pole  machines  were 
unsuitable  for  large  outputs,  and  that  multipolar  machines 
were  employed  instead.  The  transition  is  effected  by  four-pole 
machines,  which  are  much  in  vogue,  and  are  built  by  all  [firms 
of  good  standing. 

Figs.  104  and  105  represent  a  four-pole  external-field  machine 
of  the  Oerlikon  Works.  The  magnet  frame  consists  of  two 
cast-iron  semi-circular  rings,  bolted  together,  each  carrying 
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two  radial  limbs  of  cast  iron ;  the  lower  half-ring  is  cast  in 
one  with  the  bed-plate  and  bearing  pedestals.  The  armature 
is  a  ring  built  up  of  discs  insulated  from  one  another,  and 
mounted  on  the  shaft  in  the  usual  manner. 

This  particular  machine  is  intended  for  an  output  of  320 
amperes  at  125  volts  at  a  speed  of  700  revolutions  per  minute. 
The  external  diameter  of  the  magnet  ring  is  99  cm.  The 
armature  core  has  a  diameter  of  42  cm.,  an  axial  length  of 
32  cm.,  and  a  radial  depth  of  87  cm.  Each  of  the  four  field 


FIG.    104. 

coils  consists  of  845  turns  of  wire  5  mm.  x  i  mm. ;  their 
total  resistance  is  15  ohms.  The  armature  winding  consists 
of  232  bars  of  1*5  mm.  x  18  mm.  section.  Four  pairs  of 
brushes  bear  on  a  commutator  14*5  cm.  long ;  opposite  pairs 
are  connected  in  parallel  by  copper  bands.  The  armature 
resistance  is  0*008  ohm. 

The  machine  shown  in  Figs.  106  and  107  is  a  very  interesting 
illustration  of  the  best  modern  practice  in  large  slow-speed 
machines  for  high  voltage.  It  is  the  generator  for  a  power 
transmission  plant  at  Innsbruck,  designed  and  built  by  the 
Oerlikon  Engineering  Works,  Switzerland.  The  machine  is 
of  the  lo-pole  type,  with  vertical  spindle,  arranged  for  direct 
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coupling  to  the  shaft  of  the  turbine,  and  its  output  is  240  kw. 
at  1,550  volts,  the  speed  being  230  revolutions  per  minute. 
The  scale  of  Fig.  106  may  be  taken  at  about  i  :  30,  and  that 
of  Fig.  107  at  i  :  25,  and  the  dimensions  can  thus  be  taken 
by  scale ;  but  for  the  convenience  of  the  reader  a  few  of  the 
principal  dimensions  may  be  here  mentioned.  The  yoke  ring 
and  magnets  are  in  two  castings,  no  pole-shoes  being  used. 
External  diameter  of  yoke  ring  8  ft.  5  in.,  width  24  in., 
thickness  6f  in.  Magnets  projecting  inwards  13!  in. ;  of 
rectangular  cross-section  21  in.  x  13!  in.  External  diameter 


FIG.  105. 

of  armature  core  59  in.  x  21  in.  long,  and  5^  in.  radial  depth. 
This  gives  a  circumferential  velocity  of  3,550  ft.  per  minute. 
The  air-space  is  '79  in.,  and  the  clearance  between  outside  of 
binding  wire  and  poles  is  only  about  |-  in.  It  is  obvious  that 
with  so  large  a  diameter  and  so  small  a  clearance  the  work- 
manship must  be  extremely  good,  and  that  special  care  must 
be  given  to  this  point  in  the  design.  How  this  has  been  done 
will  be  seen  in  the  vertical  section. 

The  armature  is  series  ring-wound,  and  the  end  connections 
are  placed  immediately  above  the  armature,  the  commutator, 
which  is  36  in.  in  diameter  by  10  in.  long,  being  again  placed 
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above  the  end  connections.  There  is  no  bearing  outside  the 
commutator,  and  the  brushes  are  carried  on  a  ring  supported 
by  four  brackets  from  the  yoke. 


FIG.    106. 


Internal -Pole  Machines. 

Another  solution  to  the  problem  of  producing  machines  of 
large  output  for  coupling  direct  is  afforded  by  the  internal-pole 
machines  of  Siemens  and  Halske  (Figs.  108  and  109). 
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In    these    machines   a   multipolar  star-shaped   field  system 
is  enclosed   by  a  ring  armature.     The   magnet  limbs   are   of 


FIG.   107. 


rectangular  cross-section,  and   have  pole-pieces  curved  to  fit 
the  armature  radius.     They  are  secured  to  the  hub  by  bolts, 
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and  are  excited  by  coils  that  are  slipped  on,  the  poles  being 
alternately  north  and  south. 

The  ring  armature  is  carried  by  a  star-shaped  frame  placed 
to  one  side  of  it.  The  laminations  are  arranged  so  that  the 
butting  edges  of  one  layer  are  staggered  with  respect  to  those  of 
the  two  adjacent  layers,  and  they  are  held  together  between  two 
iron  rings  by  bolts,  which  also  serve  to  secure  the  whole  to  the 


FIG.  108. 


above-mentioned  frame.  In  the  larger  machines  of  this  type 
the  outer  conductors  of  the  armature  are  formed  of  copper 
bars,  which  are  connected  by  soldered  connecting  strips  to 
form  a  closed-coil  winding;  they  are  insulated  by  presspahn 
and  mica  from  one  another,  and  when  the  winding  has  been 
completed,  the  whole  armature  is  turned  on  the  outside,  and 
serves  as  commutator  without  further  preparation.  The 
brushes  are  secured  to  the  lateral  arms  of  a  star -shaped 
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carrier,  and  are  adjusted   by   moving  the  said   carrier  about 
a  projection  on  the  bearing  pedestal. 

Large  machines  of  this  type  are  built  up  with  the  driving 
engine  to  form  a  self-contained  set.  The  magnet  frame  is 
bolted  to  flanges  cast  on  one  bearing  pedestal  of  the  engine, 
and  the  armature  is  keyed  on  the  engine  shaft,  which  is 
provided  with  a  special  out-end  bearing  on  the  other  side  of 
the  armature.  This  last  bearing  supports  the  brush-holder 


FIG.   109. 

frame.  If  this  bearing  be  removed,  the  armature  may  be 
displaced  axially  along  the  shaft,  and  is  then  readily  accessible 
for  repairs  to  any  part  of  it. 

The  advantages  of  this  style  of  machine  may  be  briefly 
summed  up  as  follows:  The  distance  between  the  magnet 
limbs  is  greatest  at  the  pole-pieces,  and  this  serves  to  reduce 
magnetic  leakage.  It  gives  the  greatest  linear  speed  to  the 
armature  conductors  for  a  given  angular  velocity,  owing  to  the 
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armature  being  placed  outside  the  magnets.  The  commutator 
is  subdivided  to  the  utmost  limit,  since  every  armature-turn 
forms  one  commutator  segment.  Figs.  108  and  109  show  a 
six-pole  machine  of  this  type.  The  magnet  frame  is  142  cm. 
in  diameter,  and  has  an  axial  length  of  36  cm.  The  machine 
gives  i, 600  amperes  at  no  volts  at  a  speed  of  200  revolutions 
per  minute.  Each  magnet  limb  carries  a  coil  of  520  turns 
of  47-mm.  wire;  the  total  field  resistance  is  4^5  ohms.  The 
armature  has  381  turns  of  copper  tape  23  mm.  high,  radially, 
on  the  exterior  of  the  ring,  and  12  mm.  on  the  interior. 

Large  machines  of  this  kind  give  950  kw.  at  95  revolutions 
per  minute.  Their  magnet  star  is  then  340  cm.  in  diameter, 
and  is  52  cm.  long  axially.  The  weight  is  32^  metric  tons. 

Internal-pole  machines  without  a  separate  commutator  are 
chiefly  employed  in  lighting  stations,  and  are  designed  chiefly 
for  no  volts,  or  for  three-wire  systems  at  220  or  440  volts. 
They  may  also  be  suitably  designed  for  pressures  of  800  volts 
and  over,  so  that  they  may  be  employed  as  railway  generators. 
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CHAPTER   XV. 

Simplest  Case  of   an  Alternator — Effective   E.M.F Double  - 

Current    Generators — Classification   of    Alternators — Advan  = 

tages  of  Tunnelled  Armatures — Single -Phase  and  Polyphase 

Armatures — Armature  Windings — E.M.F.  of  Alternators. 

Simplest  Case  of  an  Alternator. 

A  closed  conductor  revolving  in  a  magnetic  field  in  such  way 
as  to  cut  lines  of  force  becomes  the  seat  of  an  alternating 
E.M.F.,  and  will  be  traversed  by  an  alternating  current.  A 
machine  constructed  for  the  purpose  of  producing  this  effect 
is  an  alternating-current  generator,  or  alternator,  and  the 
simplest  form  in  which  we  can  conceive  such  a  "machine  is 
a  metallic  ring  or  coil  of  wire  revolving  round  a  vertical 
diameter  in  the  field  of  the  earth.  When  the  plane  of  the 
coil  is  at  right  angles  to  the  magnetic  meridian  (east-west 
position)  no  lines  are  cut,  whilst  at  the  moment  the  plane  of 
the  coil  passes  through  the  magnetic  meridian  (north-south 
position)  the  rate  of  cutting  lines  is  a  maximum,  and  the 
E.M.F.  generated  in  the  coil  is  also  a  maximum.  The  E.M.F., 
which  relatively  to  the  coil  is  of  course  alternating,  may  be 
used  to  produce  an  alternating  current  through  any  conductor 
joined  to  the  terminals  of  the  coil.  We  could,  for  instance, 
imagine  the  two  ends  of  the  wire  forming  the  coil  attached  to 
the  filament  of  an  incandescent  lamp  (Fig.  no),  and  this  com- 
bination would  form  a  very  simple  electric  light  plant,  provided 
it  were  possible  to  work  the  apparatus  at  the  required  speed. 
This  is,  however,  totally  impracticable,  as  can  be  seen  from 
the  following  figures.  Assuming  the  coil  to  be  i  m.  in 
diameter,  and  to  contain  1,000  turns  of  wire,  it  would  have 
to  be  worked  at  the  rate  of  20,000  revolutions  per  minute  in 
order  to  light  up  a  loo-volt  lamp.  With  the  axis  horizonta 
and  at  right  angles  to  the  magnetic  meridian,  the  speed  corre- 
sponding to  100  volts  would  be  8,000  revolutions  per  minute, 
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the  decrease  of  speed  being  due  to  the  fact  that  in  the  latter 
arrangement  we  make  use  of  the  total  intensity  of  the  earth's 
field,  and  not  only  of  its  horizontal  component,  as  in  the 
former  arrangement.  But  yet  the  field  is  far  too  weak  for  any 
practical  work,  and  to  obtain  a  serviceable  machine  we  must 
employ  a  field  artificially  produced. 

Let  us  suppose,  then,  that  by  some  means  we  have  produced 
a  uniform  magnetic  field  of  sufficient  strength  for  our  purpose 
and  into  that  field  we  place  the  apparatus  shown  in  Fig.  no 
replacing,  however,  the  lamp  by  two  contact  rings  and  an 
external  circuit,  so  that  the  E.M.F.  generated  may  be 
measured. 

Let  A  be  the  area  of  the  coil,  T  the  number  of  turns,  <a  the 
angular  velocity  at  a  speed  of  n  revolutions  per  second,  and  B 
the  induction.  To  define  the  position  of  the  coil  at  any 
instant,  we  must  refer  to  some  definite  initial  position  which 
may  be  conveniently  taken  as  that  in  which  the  plane  of  the 
coil  is  at  right  angles  to  the  direction  of  the  field.  In  this 
position  the  total  flux  of  lines  through  the  coil  has  its  maximum 
value,  F  =  A  B,  and  the  E.M.F.  is  zero.  Let  the  coil  have 
advanced  in  the  time  /  through  an  angle  a,  then  the  flux  is 
/  =  F  cos  a,  and  the  instantaneous  E.M.F.  corresponding  to 

this  position  is  T  -/  =   -  T  F  —  cos  a.      Since  a  =  u>  t  and 

at  at 

to  =  2  TT  n,  we  can  also  write  for  the  instantaneous  E.M.F. 

e  =  2  TT  T  n  F  sin  a. 

This  is,  of  course,  a  variable  quantity.     It  is  zero,  for  a  =  o, 
and  for  a  =•  —  it  is  a  maximum,  which  we  may  denote  by  E, 
E  -  T  2  TT  n  F. 

The  instantaneous  E.M.F.  may  then  be  represented  as  a 
sine  function  of  the  maximum  E.M.F.  by  any  of  the  following 
expressions,  T  being  the  time  of  a  complete  cycle  : 

e  —-  E  sin  a  ; 

e  =  E  sin  (2  TT  n  t) ; 

e  =  E  sin 
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It  is,  however,  not  the  instantaneous,  but  the  effective 
E.M.F.  which  is  of  practical  importance.  By  the  term 
effective  voltage  of  an  alternating  current,  we  mean  such  an 
alternating  voltage  as  will  produce  in  a  conductor  the  same 
heating  effect  as  a  continuous  and  constant  difference  of 
potential.  Since  the  indications  of  a  Cardew  voltmeter 
depend  directly  on  the  heating  effect  on  its  wire,  it  follows 
that  such  an  instrument  applied  to  our  alternating-current 
circuit  will  give  its  effective  voltage.  Or  to  put  this  matter 
in  another  way.  If  we  have  two  conductors  between  which 


FIG.  no. 


an  effective  pressure  of  100  volts  is  maintained,  and  we 
connect  them  by  an  incandescent  lamp,  we  shall  get  from 
this  lamp  exactly  the  same  light  effect  as  if  the  lamp  were 
placed  on  a  loo-volt  continuous-current  circuit. 

Effective  E.M.F. 

The  point  to  be  determined  now  is  what  relation  the 
effective  E.M.F.  bears  to  the  maximum  E.M.F.  In  order 
to  get  the  same  amount  of  light  from  the  lamp  with  an 

1  The  term  "  effective,"  as  applied  to  pressure  and  current,  was  adopted  at  the 
Paris  Congress  of  1889,  but  the  term  "virtual"  has  ultimately  come  into  mor° 
common  use. 

20 
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alternating  as  with  a  continuous  current,  it  is  obviously 
necessary  that  the  same  amount  of  energy  shall  be  expended 
per  unit  of  time  in  the  two  cases.  The  resistance  of  the 
filament  depends  on  its  temperature,  and  the  latter  on  the 
current,  so  that  with  an  alternating  current  the  temperature 
and  resistance  must,  to  a  certain  extent,  vary.  But  when  the 
reversals  are  rapid  (at  the  rate  of  100  or  200  per  second), 
the  variation  of  resistance  becomes  negligible,  since  there  is, 
between  two  current  waves,  not  sufficient  time  for  the  filament 
to  cool  ;  and  we  may  therefore  assume  that  the  resistance  is 
constant,  and  equal  to  that  which  the  filament  has  when 
the  current  is  continuous.  Let  r  be  this  resistance,  and  take 
as  unit  time  the  time,  T,  in  which  the  alternating  E.M.F. 
passes  through  a  complete  cycle.  The  work  done  by  the 
continuous  current  of  E.M.F.,  e,  in  this  time  is  obviously 

T  —  watt-seconds. 

Y 

The  work  done  by  the  alternating  current  is 


T5!  sin2  (2  TT  —  ^  <ft  =  T  £  — 
o   r  \        T/  r 


watt-seconds. 


The  effective  voltage  is,  therefore,  equal  to  the  maximum 
voltage  divided  by  the  square  root  of  2. 


Another  proof  of  this  law,  due  to  Mr.  Blakesley,1  is  as 
follows  :  To  obtain  the  work  done  in  one  revolution  of  the 
coil  (Fig.  no),  we  imagine  the  cycle  subdivided  into  a  large 
number  of  small  increments,  and  add  the  work  done  during 
successive  increments.  If  instead  of  considering  each  position 
singly,  we  consider  it  jointly  with  a  position  90  deg.  in 
advance,  we  shall  obtain  twice  the  work.  The  power  of  the 

E2 
coil    at  the  instant  it  occupies  the   position    a   is    -—  sin2  a, 

and   that  corresponding   to  the  conjugate  position  a   +    —  is 

1  "Alternating  Currents  of  Electricity,"  1885. 
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E'  E2 

—   cos2  a.      The   sum   of  the   two   is   obviously    —  ,    and  as 
r  r 

"C*2 

this  holds  good  for  every  position,  we  find  that  --  represents 
twice  the  power  of  the  coil.     The  power  is,  therefore, 


and  e    =  _L    E, 

V2 

the  same  expression  as  already  obtained.     The  effective  volts 
of  our  alternator  are,  therefore, 

e  =  ^  n  F  r  io~8   .....     (52) 

V2 

It  is  convenient  to  bring  this  equation  into  the  same  form 
as  that  giving  the  E.M.F.  of  a  two-pole  continuous-current 
machine.  In  that  case  we  did  not  count  the  conductors  on 
the  armature  as  so  many  complete  turns,  but  ag  so  many 
active  armature  wires.  As  each  turn  comprises  two  active 
wires,  the  T  in  the  above  equation  represents  in  reality  2  T 
active  wires  ;  or  if  we  denote,  as  in  continuous-current 
machines,  the  number  of  active  wires  by  r,  we  must  insert 

-  in  the  above  equation.     It  is  also  convenient  to  reckon  the 

speed,  not  in  revolutions  per  second,  but  per  minute,  so  that 
the  effective  E.M.F.,  in  volts,  of  the  alternator  is 


, 

1*41    DO        2 

where  N  =  revolutions  per  minute 

e  =  2'22  FT—  io~8    .     .     .     .          (53) 

DO 

or,  in  English  measure, 

e-  2'22  Z  T  N  io~6  .....     (53A) 

The  armature  makes  n  revolutions  per  second,  and  within 
the  time  occupied  by  one  revolution  the  E.M.F.  passes  through 

20* 
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all  the  phases  intermediate  between  zero,  a  positive  maximum, 
down  again  to  zero,  a  negative  maximum,  and  then  back  again 
to  zero.  This  cycle  of  changes  is  known  as  a  complete  period, 
and  the  number  of  complete  periods  passed  through  per  second 
is  known  as  the  frequency  or  periodicity.  If  we  employ  the 
symbol  -~"^  for  this  we  can  write 

N 

60"' 


then 


e  -  2'22 


(54) 


The  number  representing  the  field  strength,  F,  in  absolute 
measure  is  an  inconveniently  large  figure,  and  the  frequency  is 
generally  a  number  between  25  and  100.  The  expression  for 
e  given  in  (54)  may  be  more  conveniently  written 


=  2-22-    -   FCT 
100 


(55) 


where  Fr  is  the  field  strength  expressed  in  units  of  io6  C.G.S. 
lines. 


~JML 


FIG.    in 

Although  no  pole-pieces  were  shown  in  the  simple  apparatus 
represented  by  Fig.  no,  it  is  evident  that  the  formulae  apply  to 
bipolar  alternators,  provided  the  field  between  the  poles  is 
perfectly  uniform.  A  machine  of  this  kind  is  shown  in  Fig.  in, 
and  the  only  difference  between  it  and  Fig.  no  consists  in  the 
employment  of  an  artificial  field,  whereby  we  are  able  to 
increase  the  E.M.F.  The  arrangement  is,  however,  not  yet 
perfect.  The  distance  between  the  N  and  S  polar  faces  is 
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necessarily  great,  and  the  field,  although  stronger  than  that 
of  the  earth,  is  yet  much  weaker  than  obtains  in  dynamos. 

To  improve  the  machine  in  this  respect  we  must  adopt  the 
same  expedients  as  in  dynamos — namely,  use  an  iron  core  in 


FIG.   112 


the  armature,  and  shape  the  pole-pieces  so  as  to  reduce  the 
air  path  of  the  lines  to  a  minimum.  We  thus  arrive  at  the 
construction  shown  in  Fig.  112,  but  the  question  now  presents 
itself  whether  formula  (55)  will  give  correctly  the  E.M.F.  of 
such  a  machine.  This  formula  was  deduced  on  the  supposition 


FIG.  113. 

that  the  change  in  the  number  of  lines  flowing  through  the 
coil  was  perfectly  gradual,  and  that  the  total  induction  followed 
a  sine  law.  That  this  cannot  be  the  case  in  the  machine 
represented  by  Fig.  112  is  obvious.  The  field  through  which 
the  coil  cuts  is  now  restricted  to  the  space  covered  by  the 
pole-pieces,  and  whilst  the  coil  remains  completely  within  this 
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space  the  E.M.F.  must  be  sensibly  constant,  whilst  during  the 
time  that  the  coil  remains  completely  outside  this  space  the 
E.M.F.  must  be  zero.  During  entry  and  exit  there  must  be 
a  rapid  increase  and  decrease  of  E.M.F.,  so  that  the  E.M.F. 
diagram,  instead  of  showing  the  smooth  and  undulating 
curve,  A  (Fig.  113),  will  now  show  a  broken  line,  B  In  this 
diagram  the  angular  position  of  the  coil  is  measured  on  the 
horizontal,  and  the  E.M.F.  on  the  vertical,  the  initial  position 
of  the  coil  being  vertical  in  both  cases,  when  the  E.M.F.  is 
zero. 

The  exact  shape  of  the  broken  line  depends  on  the  width 
of  the  coil  and  the  angular  width  of  the  pole-pieces,  and 
can  in  any  special  case  be  easily  found.  If  that  is  done, 


FIG.   114. 

the  effective  E.M.F.  can  be  determined  by  plotting  a  second 
line,  the  ordinates  of  which  represent  the  square  of  the 
ordinates  of  B,  and  measuring  the  area  enclosed  between 
this  line  and  the  horizontal.  The  height  of  a  rectangle  of 
equal  area  and  base  represents  the  square  of  the  effective 
E.M.F.,  and  the  latter  itself  can  thus  be  found. 

It  would  be  tedious  and  certainly  unnecessary  to  go  through 
this  process  in  every  case.  If  we  have  once  for  all  ascertained 
the  relation  of  the  effective  to  the  maximum  E.M.F.  for  a 
machine,  in  which  the  width  of  coil  and  width  of  pole  bear 
a  certain  proportion  to  each  other,  then  the  same  relation 
must  obviously  hold  good  in  all  other  machines  similarly 
constructed,  and  it  will  thus  suffice  to  investigate  a  few 
typical  cases  which  shall  more  or  less  accurately  represent 
types  of  machines  found  in  practice.  It  has  been  assumed 
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hitherto  that  the  armature  of  the  alternator  is  of  the  drum 
type,  but  a  glance  at  Fig.  114  will  show  that  a  ring  armature 
may  equally  well  be  employed.  We  need  only  connect  two 
opposite  points,  a  b,  of  the  winding  with  two  contact  rings 
in  order  to  take  off  alternating  currents  from  these  rings. 
When  the  armature  is  in  the  position  shown,  the  alternating 
E.M.F.  at  the  contact  rings  is  zero,  but  whereas  the  zero 
period  in  Fig.  112  extends  over  an  appreciable  time  it  is  in 
Fig.  114  instantaneous  ;  that  is  to  say,  the  E.M.F.  merely 
passes  through  zero.  Fig.  115  represents  the  changes  in 
E.M.F.  of  such  a  machine.  The  line  B  in  Fig.  115  cuts 
through  the  horizontal  without  the  break  of  continuity  occurring 
in  Fig.  113.  The  E.M.F.  of  the  machine  rises  rapidly  from 


FIG.  115. 

O  to  C  during  the  time  that  the  coil  a  advances  to  the 
lower  corner  of  the  S  pole-piece ;  it  then  remains  constant, 
C  to  D,  until  a  has  come  opposite  the  lower  corner  of  the 
N  pole-piece,  then  it  rapidly  falls  to  zero  and  attains  a 
negative  maximum,  when  a  emerges  from  the  upper  corner 
of  the  N  pole-piece,  and  so  on. 

Double-Current  Generator. 

Now  let  us  suppose  that,  in  addition  to  the  contact  rings 
already  mentioned,  the  armature  is  provided  with  a  com- 
mutator as  usual ;  we  shall  then  be  able  to  take  from  it 
simultaneously  a  continuous  current  of  an  E.M.F.  equal  to 
the  maximum  alternating  E.M.F.,  and  an  alternating  current 
of  a  lower  effective  E.M.F.  The  continuous  E.M.F.  is 
shown  in  Fig.  115  by  the  horizontal  line,  V  V,  and  the  alter- 
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nating  E.M.F.  by  the  line  B,  the  negative  part  of  which  is 
for  convenience  reproduced  by  a  dotted  line  above  the  axis. 
The  triangular  spaces,  D  E  F,  G  K  H,  show  the  gaps  in  the 
voltage  line  by  which  the  alternating  pressure  falls  short  of 
the  continuous  pressure.  The  effective  alternating  volts  must 
obviously  be  less  than  the  continuous  volts,  the  ratio  between 
the  two  depending  on  the  angular  spaces  covered  by  the  pole- 
pieces.  With  a  polar  angle  of  90  deg.,  the  ratio  is  i  to  "817. 
This  property  of  the  machine  to  give  two  currents  of  different 
voltage  is  ingeniously  utilised  by  Messrs.  Fawcus  and  Cowan 
for  lighting  lamps  and  charging  a  battery  at  the  same  time. 

The  machine  designed  by  Fawcus  and  Cowan  is  intended 
for  use  in  electric  light  installations  where  it  is  desired  to 
charge  the  battery  during  lighting  hours.  Two  opposite 
sections  of  the  commutator  are  connected  with  the  two 
contact  rings  already  mentioned,  and  a  switch  is  provided 
by  which  the  lamp  circuit  can  be  switched  on  to  the  brushes 
bearing  on  these  contact  rings.  The  lamps  are  then  fed  by  an 
alternating  current  o^  100  volts.  The  voltage  at  the  brushes 
of  the  commutator  is1  at  that  time  larger  than  100  in  the  ratio 
of  i  :  0*765,  or  whatever  ratio  may  correspond  to  the  particular 
construction  of  pole-pieces.  And  thus,  while  the  lamps 
are  being  fed  at  100  volts  from  the  alternating-current  side, 
current  may  be  taken  from  the  commutator  to  charge  a 
zoo-volt  battery.  By  weakening  the  field  the  continuous 
E.M.F.  can,  of  course,  be  reduced  to  100  volts,  so  that  the 
lamp  circuit  may  also  be  worked  with  a  loo-volt  continuous 
current,  and  when  the  machine  is  stopped  the  lamps  can  be 
fed  from  the  battery  in  the  usual  way.  Another  application  of 
the  principle  here  referred  to  is  to  be  found  in  the  so-called 
"  rotatory  transformers."  These  are  machines  whose  arma- 
tures are  supplied  with  single-phase  or  polyphase  currents, 
and  deliver  continuous  currents.  They  are  dealt  with  in 
Chapter  XIX. 

Classification  of  Alternators. 

The  chief  distinction  between  alternators  and  direct-current 
machines  is  to  be  found  in  the  fact  that  the  latter  have 
commutators,  whereas  the  former  have  either  slip  rings  or 
stationary  terminals.  Slip  rings  are  necessary  for  the  collection 
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of  current  if  the  armature  rotates ;  if  it  is  stationary,  fixed 
terminals  will  obviously  suffice.  Alternators  may  thus  be 
divided  into  two  large  classes  :  those  with  moving  and  those 
with  stationary  armatures.  The  latter  are  chiefly  preferred, 
and  for  two  reasons :  firstly,  because  the  armature  windings 
are  not  subjected  to  centrifugal  forces,  and  secondly,  owing 
to  the  absence  of  slip  rings  and  brushes,  the  whole  alternating 
circuit  can  be  provided  with  continuous  insulation,  no  parts 
being  left  bare — a  particularly  desirable  result  where  high 
pressures  are  employed,  since  it  largely  enhances  the  security 
of  working,  and  diminishes  the  danger  to  human  life.  Of 
course,  if  the  armature  is  stationary,  the  field  must  rotate. 

Another  standpoint  from  which  classification  may  be  made 
is  according  to  the  presence  or  absence  of  magnetically  active 
iron  in  the  armature.  In  the  machines  we  have  hitherto 
considered  we  have  taken  it  for  granted  that  the  armature 
is  cylindrical,  and  revolves  between  poles  that  have  been 
cylindrically  bored.  The  active  conductors,  therefore,  lie 
parallel  to  the  axis.  It  is  almost  impossible,  with  this  arrange- 
ment, to  avoid  the  use  of  an  iron  armature  core.  We  could, 
however,  place  the  active  conductors  perpendicular  to  the 
axis — that  is  to  say,  make  a  disc  armature  which  should 
revolve  between  the  pole  surfaces  perpendicular  to  the  axis. 
With  this  arrangement  a  magnetic  core  can  be  dispensed 
with.  The  well-known  Ferranti  machines  (see  illustration  in 
Chapter  XX.),  as  well  as  the  older  types  made  by  Siemens 
Bros.,  of  London,  belong  to  this  class.  The  Mordey  alternator 
(see  illustration  in  Chapter  XX.)  also  belongs  to  this  class; 
the  armature  of  this,  however,  is  stationary,  and  the  field 
revolves.  The  latter  consists  of  two  crowns  of  poles  opposite 
to  each  other ;  all  the  poles  on  one  side  of  the  armature  disc 
are  of  the  same  polarity,  and  all  those  on  the  other  side  of  the 
opposite  sign.  The  active  lines  of  force,  therefore,  at  each 
pair  of  poles  traverse  the  armature  in  the  same  direction,  and 
on  this  account  machines  of  this  type  are  called  "  similar- 
pole  machines,"  to  distinguish  them  from  alternate  -  pole 
machines.  In  the  latter,  the  magnetic  flux  from  adjacent 
pole-pairs  traverses  the  armature  in  one  direction  and  in  the 
opposite  alternately.  Of  course,  the  field  may  also  be  arranged 
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either  according  to  the  similar-pole  type,  or  according  to  the 
alternate-pole  type  with  armatures  that  have  an  iron  core.  It 
is  to  be  remarked  that  with  similar-pole  machines  the  space 
between  adjacent  poles  is  not  altogether  devoid  of  flux,  but  is 
traversed  by  stray  field  lines,  whose  direction  is  the  same  as 
that  of  the  main  field.  An  E.M.F.  will  therefore  be  generated 
in  every  armature  wire,  even  when  it  is  lying  in  the  space 
between  two  poles,  the  value  of  this  E.M.F.  being  propor- 
tionately less  than  that  in  each  wire  opposite  a  pole,  in  the 
same  ratio  as  the  stray  field  is  less  than  the  main  field.  The 
law  by  which  the  E.M.F.  of  a  similar-pole  machine  may  be 
calculated  may  be  arrived  at  as  follows:  The  E.M.F.  of  an 
alternate-pole  machine  is  clearly  proportional  to  the  flux 
emanating  from  one  pole.  If  a  coil  moves  from  a  central 
position  in  front  of  a  north  pole  to  the  central  position 
in  front  of  the  adjacent  south  pole,  the  flux  threading  it 
will  change  from  +  F  to  -  F.  Since  F  may  be  considered 
as  half  the  difference  between  +  F  and  -  F,  we  can  say 
that  the  E.M.F.  is  proportional  to  half  the  difference 
between  the  field  strengths  corresponding  to  the  two  posi- 
tions (in  front  of  a  north  and  in  front  of  a  south  pole). 
Now  consider  every  south  pole  to  be  removed,  and  the 
magnetic  circuit  to  be  closed  in  some  other  way  without  in 
any  way  altering  the  strength  of  field  of  each  north  pole. 
The  position  of  a  coil  which  now  corresponds  to  its  former 
position  in  front  of  a  south  pole  is  that  in  the  gap  between 
two  adjacent  similar  poles.  In  this  position,  however,  the 
coil  is  threaded  by  the  stray  field,  which  we  will  call  +  F0.  If 
we  now  apply  the  rule  just  arrived  at  to  this  case,  we  find  the 
E.M.F.  to  be  proportional  to  half  the  difference  between  the 
useful  field  and  the  stray  field  —  that  is,  to  the  expression 


where  Fl  stands  for  the  flux  from  one  pole  of  the  similar- 
pole  machine,  and  F  for  that  from  one  pole  of  an  alternate- 
pole  machine  equivalent  to  the  other  as  regards  E.M.F.  If 
we  write 
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where  >/<i  represents  the  leakage  coefficient  or  the  ratio  of 
stray  field  to  main  field,  we  also  have 


=  F1 


I  -rj 


The  leakage  coefficient  may  be  as  great  as  0^3,  and  it  is 
clear  therefore  that  FT   must  be   more   than   twice   as    great 


FIG.   116. 


FIG.  117. 


as  F,  and  that  it  may  even  approach  treble  the  value  of 
F.  Now,  of  course,  the  similar-pole  machine  has  only  half 
the  number  of  poles  that  the  alternate-pole  machine  has,  but 
since  each  pole  has  to  carry  double  the  flux,  it  is  easy  to 
see  that  the  similar-pole  machine  must  be  heavier  than  the 
alternate-pole.  It  has,  however,  the  advantage  of  only 


FIG.   1 1 8. 

requiring  a  single  exciting  coil,  and  this  may  be  arranged  to 
be  stationary.  In  Chapter  XX.  is  illustrated  a  modern 
similar-pole  machine  built  by  the  Oerlikon  Machine  Factory. 

A  further  classification  may  be  based  on  the  geometric 
shape  of  the  armature  surface.  We  distinguish  between 
smooth  armatures  (Fig.  116),  hole  or  slot  armatures  (Fig.  117), 
and  toothed  armatures  (Fig.  118).  In  these  diagrams,  cr 
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denotes  the  pole  -  pitch  or  distance  between  pole  -  centres, 
P  the  polar  breadth,  S  the  breadth  occupied  by  the  con- 
ductors of  one  half  coil,  and  q  the  number  of  active 
conductors  per  pole. 

Smooth  armatures  are  but  little  used,  because  the 
attachment  of  the  armature  wires  presents  greater  mechanical 
difficulties.  The  advantages  inherent  in  them  are  a  good 
(i.e.,  sinusoidal)  E.M.F.  curve  and  low  self-induction.  The 
former  advantage  is  also  obtainable  with  tunnelled  armatures, 
by  employing  several  holes  or  slots  for  each  half  coil  and  by 
suitably  shaping  the  pole-pieces.  Toothed  armatures  permit 
the  coils  to  be  excellently  secured,  but  they  give  a  pointed 
and,  particularly  when  loaded,  irregular  pressure  curve ;  it  is 
also  difficult  to  make  them  work  quietly,  since  the  teeth 
behave  like  huge  telephone  magnets.  The  self-induction  and 
consequently  the  drop  in  pressure  are  large  on  full  load. 

Advantages  of  Tunnelled  Armatures. 

Hole  or  slot  armatures  receive  by  far  the  greatest  prefer- 
ence. Even  though  the  self-induction  is  not,  as  will  be 
shown  later  on,  so  small  as  with  smooth  armatures,  it  may 
still  be  kept  within  sufficiently  narrow  limits,  while  good 
mechanical  support  for  the  conductors  and  the  possibility 
of  thoroughly  insulating  them  are  points  of  advantage  not 
to  be  overlooked.  It  must  further  be  remembered  that  if 
the  armatures  are  made  stationary,  the  conductors,  when 
once  they  have  been  placed  in  the  tunnels,  are  shielded 
from  all  mechanical  stresses  but  such  as  are  negligibly 
small,  and  thus  all  danger  of  mechanical  damage  to  the 
insulation  is  eliminated. 

In  smooth  armatures  every  conductor  is  subjected  to  a 
mechanical  force  which  is  proportional  to  the  current 
strength  and  to  the  induction  in  the  air-gap.  The  turning 
moment  imparted  to  or  exerted  by  the  machine  must,  there- 
fore, be  borne  by  the  armature  wires  themselves.  The 
conditions  are  far  more  favourable  in  tunnelled  armatures. 
The  induction  in  the  tunnel  is  only  a  very  small  fraction 
of  that  in  the  air-gap,  and  the  mechanical  stress  is  corre- 
spondingly diminished.  If  the  tunnel  were  perfectly  free 
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from  magnetic  lines,  there  would,  of  course,  be  absolutely 
no  mechanical  stress.  At  first  sight  it  appears  paradoxical 
that  a  conductor  which  suffers  no  mechanical  stress  should 
yet  be  the  medium  for  transforming  mechanical  power  into 
electrical.  The  paradox  disappears,  however,  on  closer 
investigation.  Let  us  assume  that  the  teeth  are  as  broad 
as  the  holes  and  that  the  induction  in  the  teeth  is  10,000 ; 
this  corresponds  to  a  permeability  of  about  3,000,  which 
means  that  the  induction  obtaining  in  the  holes  is  only 
^Vffth  of  that  in  the  iron.  Now,  if  the  field  has  a  peripheral 
motion  of  20  m.  per  second  relatively  to  the  armature, 
then  the  speed  with  which  the  lines  pass  from  the  side  of 
one  hole  to  the  side  of  the  next  through  a  tooth  is  about 
20  m.  per  second.  Now,  the  same  number  of  lines  has 
to  cross  the  hole  in  the  same  time  occupied  in  crossing  the 
tooth.  The  flux  density  in  the  hole  is,  however,  3,000  times 
less.  In  order,  therefore,  that  the  same  number  of  lines 
should,  nevertheless,  cross  over,  their  speed  must  be  3,000 
times  as  great.  Therefore  the  speed  with  which  the  wires 
cut  the  very  weak  field  in  the  hole  is  consequently  20  x  3,000 

metre-seconds,    and    the    induction    is    IO>OO°   C.G.S.    lines. 

3,000 

The  E.M.F.  is  proportional  to  the  product  of  speed  and 
induction — that  is,  to  20  x  10,000,  exactly  what  would  be 
obtained  with  a  smooth  armature.  The  mechanical  stress 
or  force  is,  however,  proportional  to  current  strength  and 
induction,  and,  therefore,  only  W^th  of  the  value  it  would 
have  in  a  smooth  armature.  A  further  result  of  the  low 
induction  is  that  eddy  currents  are  almost  entirely  eliminated, 
as  was  pointed  out  in  Chapter  XIII. 

Single-Phase  and  Polyphase  Armatures. 

A  further  distinction  between  machines  may  be  drawn  with 
reference  to  the  number  of  circuits  into  which  the  armature 
winding  is  divided.  If  we  imagine  the  armature  in  Fig.  112 
to  be  provided  with  a  second  coil  placed  at  right  angles  to 
the  first,  we  have  a  machine  from  which  we  can  draw  two 
alternating  currents,  whose  maximum  values  of  the  same 
sign  have  a  time  displacement  of  a  quarter  revolution  of  the 
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armature.  Expressing  this  in  angular  measure,  it  may  be 
said  that  the  E.M.F.'s  have  a  phase  displacement  of-.  Such 

machines  are  known  as  two-phase  machines.  The  two 
circuits  may  remain  entirely  independent,  so  that  four  wires 
are  needed  to  carry  the  currents  away,  or  we  can  connect 
the  two  circuits  by  joining  two  of  the  wires  together.  One 
is  then  common  to  both  circuits,  and  carries  the  vector  sum 
of  the  two  currents — that  is,  \/2  times  the  current  in  one 
circuit.  The  common  wire  must  therefore  have  \/2  the 
cross-section  of  each  of  the  other  two  if  the  current  density 
in  it  is  to  be  the  same. 

Further,  we  can  wind  the  armature  shown  in  Fig.  112  with 
three  coils  spaced  at  120  deg.  relatively  to  each  other,  and 
form  three  independent  circuits,  for  which  six  wires  would  be 
wanted — viz.,  two  for  each  circuit.  Or  we  can  combine  the 
three  circuits  in  one  of  the  two  following  ways  : 

1.  If  we  connect  the  beginning  of  the  first  with  the  beginnings 
of  the  second  and  of  the  third,  we  shall  have  the  three  ends 
free.     These  three  ends  may  then  be  connected  to  the  con- 
ductors of  the  three  interlinked  external  circuits. 

2.  If  we  connect  the  end  of  the  first  with  the  beginning  of 
the  second,  the  end  of  the  second  with  the  beginning  of  the 
third,  and,  finally,  the  end  of  the  third  with  the  beginning  of 
the  first,  we  have  no  free  end  left  at  all.    The  three  conductors 
of  the   external    circuits   are    then    to   be   connected   to   the 
junctions  between  the  three  coils. 

The  first  mode  of  connection  is  known  as  a  Y  connection, 
or  star  connection,  and  the  second  is  known  as  a  A  (delta)  or 
mesh  connection. 

Machines  of  this  kind  are  known  as  three-phase  machines. 
The  connections  are  diagram matically  shown  in  Figs.  119  and 
120. 

A,  B,  C  are  the  mains  going  to  the  external  circuits,  and 
a,  b,  c  are  the  armature  coils.  It  is  at  once  evident  that 
with  the  star  connection  (Fig.  119),  the  current  in  A  must 
be  equal  to  the  current  in  the  coil  a,  while  the  pressure 
between  A  and  B  must  be  the  vector  sum  of  the  pressures 
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in  a  and  b.  With  the  mesh  connection  in  Fig.  120,  the 
pressure  between  A  and  B  is  that  of  the  coil  c,  while  the 
current  in  A  is  the  vector  sum  of  the  currents  in  b  and 
c.  The  relations  between  these  values  will  be  given  further 
on ;  for  the  present  we  will  merely  observe  that  two  and 


C 


FIG.  119. 


FIG.   120. 


three  phase  armatures  may  be  readily  obtained  by  slight 
modifications  in  direct-current  armatures,  and  that  the 
windings  here  explained  with  reference  to  a  two-pole 
armature  are  also,  of  course,  applicable  to  multipolar 
armatures.  We  have  been  proceeding  on  the  assumption  that 
the  windings  consist  of  narrow  coils.  This  is,  however, 


FIG    121. 


FIG.  122. 


not  essential.  A  direct-current  armature  forms,  as  shown  in 
Fig.  121, 'a  mesh-connected  three-phase  armature  if,  without 
in  any  way  altering  the  winding,  three  points  120  deg. 
apart  are  chosen  as  points  of  connection  for  the  external 
circuits.  If  a  star  connection  is  wanted,  the  winding  is  cut 
at  three  points  120  deg.  apart,  and  the  six  ends  are 
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arranged  as  shown   by  Fig.  122.     Fig.  123  shows  a  four-pole 
star-connected  drum  armature. 

It  need  hardly  be  said  that  an  armature  may  be  wound  for 
more  than  three  phases.  A  larger  number  of  phases  has  not, 
however,  been  found  to  have  any  useful  application  except  for 
the  armatures  of  rotatory  converters  (Chapter  XIX.).  For 
lighting  and  power  transmission  three-phase  currents  serve 
very  well  indeed,  and  there  is,  therefore,  no  inducement  to 


FIG.  123. 


introduce    more   complications   by  the   employment   of  more 
than  three  phases. 

E.M.F.  of  Alternators. 

It  has  already  been  stated  that  the  armature  of  an  alter- 
nator may  have  either  a  coil  winding  or  a  bar  winding.  The 
difference  between  them  lies  in  the  fact  that,  with  a  coil 
winding,  the  width  of  one  "  edge  "  of  a  coil — i.e.,  the  circum- 
ferential space  occupied  by  the  conductors  forming  one  side 
of  the  coil,  which  we  denote  by  S — is  usually  small  in 
comparison  with  the  pitch,  and  may,  indeed,  be  limited 
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to  one  hole,  whereas  with  a  bar  or  drum  winding  one  cannot 
speak  at  all  of  sharply-defined  coils  in  the  above  sense,  and 
those  elements  of  the  winding  which  may  perhaps  be  regarded 
as  equivalent  to  a  coil  occupy  much  more  circumferential 
space  in  comparison  with  the  pitch.  In  other  words,  a  coil 
winding  gives  sharply-defined  elements,  whose  total  number 
of  edges  is  equal  to  the  number  of  poles ;  a  bar  winding  gives 
a  number  of  conductors  greatly  in  excess  of  the  number  of 
poles. 

Fig.  124  shows  in  diagram  a  coil  winding  for  an  eight-pole 
single-phase  armature.     The  thick  curved  lines  represent  the 


FIG.  124. 


FIG.  125. 


ends  of  the  coils,  and  the  small  circles  the  holes  in  which 
are  the  coil  "edges."  Since  there  are  eight  poles  in  the  field, 
the  armature  must  have  eight  coil-edges.  The  connections 
between  the  coils,  known  as  "  end  connections,"  are  omitted 
in  this  and  in  the  following  figures :  their  duty  is  to  connect 
the  coils  properly  in  series.  In  Fig.  124  if  each  coil  and 
.each  coil-edge  has  q  wires,  then  each  hole  also  carries  g 
wires.  There  is  only  one  hole  to  each  coil-edge.  Fig.  125 
is  electrically  equivalent  to  Fig.  124.  There  are,  however, 
twice  as  many  coils,  each  coil  having  q/2  wires.  The  only 
advantage  of  this  arrangement  is  that  the  coil-ends  take  rather 
less  wire  owing  to  the  decrease  in  their  volume.  This  winding 
has,  on  the  other  hand,  the  drawback  that  the  pressure 


322 


DYNAMOS,    ALTERNATORS, 


corresponding  to  the  full  r  turns  on  the  armature  exists 
between  two  wires  in  the  same  hole,  and  there  are  greater 
insulation  difficulties  than  in  Fig.  124,  where  the  greatest 

pressure   between   two   wires   at   working   one  hole  is  -th  of 

P 

this.  With  both  arrangements  the  armature  may  be 
halved  horizontally  without  disturbing  any  coils,  and  upper 
half  lifted  off.  All  that  is  necessary  is  to  disconnect  an 
end  connector. 

Fig.   126  gives  the  winding  for  an  eight-pole   single-phase 
armature  having  two  holes  to  each  coil-edge.     The  difference 


FIG.   126. 


FIG.  127 


of  pressure  existing  in  any  one  hole  is  only  one-half  as 
great  as  in  Fig.  124,  and  the  self-induction  is  less,  as  the 
following  consideration  shows.  The  self-induced  field 
encircling  any  hole  is  proportional  to  the  current  volume 
and  to  the  magnetic  conductivity  of  the  space  surrounding 
it.  This  latter  quantity  is  less  in  Fig.  126  than  in 
Fig.  124,  since  the  cross-section  of  each  leakage  path  has 
been  reduced  by  splitting  of  the  coil-edge  into  two.  The 
current  volume  at  the  same  time  has  been  reduced  to  one- 
half.  The  self-induced  field,  and  consequently  the  self- 
induced  E.M.F.,  is  thus  considerably  less  with  a  two-hole 
winding  than  with  a  one-hole  winding.  The  armature,  as 
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is     seen     from     the    figure,    may    still    be    taken    in    halves 
horizontally. 

With  this  arrangement  one  coil-end  of  each  pair  is 
placed  inside  the  other,  and  the  outer  is  thus  somewhat 
long.  This  not  unimportant  defect  can  be  met  by  winding 


FIG.    128 


in  the  manner  indicated  in  Fig.  127.  This  is  electrically 
equivalent  to  Fig.  326,  but  gives  equally  short  coil-ends 
throughout. 

The   circumferential    length   of  the    coils   in   the   windings 
just  given — that  is,  the  mean  distance  between  the  "edges" 


FIG.  129 


FIG    130. 


of  any  one  coil — is  equal  to  the  pole-pitch.  By  using  one 
hole  for  two  adjacent  coil-edges  (compare  Fig.  125),  the 
length  of  a  coil  may  be  reduced  to  two-thirds  of  the  pole- 
pitch,  and  thus  obtain  three  coils  to  every  two  poles.  This 
gives  a  three-phase  winding  with  short  coils  (Fig.  128). 

21* 
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In  this  case  each  coil  has  q  wires  and  each  hole  2  q  wires. 
The  advantage  of  the  arrangement  is  that  the  coils  do  not 
overlap.  The  objections  are :  large  holes  (and  consequently 
varying  field  strength),  high  self-  induction,  and  a  large 
potential  difference  between  conductors  in  the  same  hole. 

The  arrangement  is  said  to  have  long  coils  when  the  mean 
length  of  coil  is  equal  to  the  pole-pitch.  It  must  be  obvious 
that  a  polyphase  winding  with  long  coils  cannot  be  made 
without  overlapping  the  coils.  Fig.  129  shows  a  two-phase 
two-hole  winding  for  an  eight-pole  machine.  The  mean 
length  of  the  coils  is  equal  to  the  pitch,  the  length  of  the 


FIG.  131. 


FIG.  132. 


coil-ends  is  rather  less  than  the  pitch,  and  each  coil  has 
only  two  points  at  which  it  crosses  its  neighbours.  The 
winding  is  fairly  simple,  and  the  coil-ends  do  not  need  an 
excessive  amount  of  wire  owing  to  the  small  overlap.  The 
upper  half  armature  cannot  be  lifted  off,  however,  without 
unwinding  two  coils.  If  the  armature  is  to  be  so  arranged 
as  to  be  capable  of  division  horizontally,  and  one  half 
removed  from  the  other  without  disturbing  the  coils,  the 
winding  shown  in  Fig.  130  must  be  employed.  The  wire 
needed  for  coil-ends  is  somewhat  more  than  in  Fig.  129, 
for  the  mean  length  of  the  ends  is  now  equal  to  the  pitch, 
and,  further,  the  number  of  crossing  points  is  now  doubled. 
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In  Fig.  131  is  sketched  a  three-phase  one-hole  winding  for 
an  eight-pole  machine,  as  commonly  wound.  In  this  case, 
too,  the  armature  cannot  be  halved  without  having  two  coils- 
unwound.  This  winding  is  not,  therefore,  employed,  as  a  rule, 
unless  the  machine  permits  of  a  displacement  of  the  armature 
relatively  to  the  field,  or  vice  versa,  in  a  direction  parallel  to 
the  shaft. 

With  large  machines,  however,  it  is  preferable  to  be  able  to 
remove  half  the  armature  for  possible  repairs,  and  to  allow  of 
this  the  winding  shown  in  Fig.  132  is  used.  Either  winding, 


Fig.  131  or  132,  may  be  used,  of  course,  if  each  coil-edge  is  to 
be  carried  by  two  or  more  holes. 

A  three-phase  winding,  due  to  Herr  Dolivo  Dobrowolsky, 
in  which  the  coils  do  not  overlap  is  shown  in  Fig.  133.  It 
consists  of  three  consecutive  single-phase  windings  of  the 
kind  given  in  Fig.  125,  only  with  the  peculiar  feature  that 
the  length  of  the  coils  is  not  exactly  equal  to  the  pitch, 
but  is  a  trifle  larger  or  smaller.  The  spacing  of  the  holes, 
o-p  is  made  smaller  or  greater  than  the  pole-pitch,  cr,  so  as 
to  produce  the  relation 
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Obviously,  2p±i  must  be  an  exact  multiple  of  3.  Tracing 
the  position  of  successive  holes  in  one  phase  relatively  to  the 
poles,  we  find  the  winding  to  creep  forwards  or  backwards 

by  the  amount  — .     On  this  account  the  winding  receives  the 

name  of  a  "creeping  coil  winding1."     It  is  very  nearly  equiva- 
lent, electro-dynamically,  to   a  smooth    winding    whose    coil 

breadth   is-?. 
3 


FIG.  134. 

Bar  windings  may  be  made  either  symmetrical  or  creeping. 
In  the  former  case -they  have  the  character  of  coil  windings, 
seeing  the  groups  of  bars  with  their  ends  form,  as  a  matter  of 
fact,  nothing  more  nor  less  than  coils.  A  winding  of  this 
kind  for  an  eight-pole  machine,  star-connected,  three-phase, 
is  shown  in  Fig.  134  by  way  of  example. 

Since  the  winding  is  to  be  symmetrical,  there  must  be  a 

1  TRANSLATOR'S  NOTE.-  The  German  term  "creeping  winding"  has  been 
translated  literally  and  retained  throughout  this  work  as  being  more  descriptive 
than  the  English  term  "fractional  pitch  winding." 
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whole  number  of  bars,  s,  under  one  pole,  and  the  total  number 
of  active  conductors  per  phase  will  be 

T  =  s  x  p, 

and  the  total  number  of  armature  conductors  in  a  three-phase 
armature 

T  =  3T  =  $sp. 

If  there  is  a  hole  to  each  bar,  the  hole-spacing  will  be 

7rD 


and  every  group  of  s  bars  will  constitute  a  coil  whose  edge  has 
a  width 

S  =  (s  -  i)  b. 

There  are  three  coil-edges  per  length  of  pitch,  and  thus 


and  consequently  S  is  a  trifle  less  than  one-third  the  pitch. 

A  symmetrical  three-phase  bar  winding  is  electrically  equiva- 
lent to  a  coil  winding  the  breadth  of  whose  coil-edge  is  about 
equal  to  one-third  of  the  pitch.  With  two  and  four  phase 

windings  this  dimension  becomes  about  —  and  —  respectively. 

As  an  example  of  a  lap-wound  bar  winding,  Fig.  123  (p.  320) 
may  be  cited.  The  coil  -  like  character  of  the  individual 
elements  is  lost  sight  of  here,  of  course,  because  the  bars 
of  each  element  are  spread  over  the  entire  armature  surface. 
Since  the  winding  has  been  derived  from  an  ordinary  multi- 
polar,  direct-current,  series-wound  drum,  it  follows  that  three 
times  the  number  of  bars  in  one  phase,  whether  for  star  or 
mesh  connection,  must  conform  to  the  rule  laid  down  >in 
Chapter  VIII.  for  a  direct-current  winding.  This  law  in  its 
simplest  form,  as  applied  to  a  three-phase  armature,  runs  as 
follows  : 

3r  =  py  ±  2. 

The  winding  pitch,  y,  is  an  unknown  number.  If  we 
multiply  this  by  the  distance  between  adjacent  bars  we  get 
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the  length  of  the  pitch,  and  on  multiplying  this  length  by 
the  number  of  times  it  occurs  in  one  phase — that  is,  by  the 
number  T — we  get  the  whole  length  of  armature  circumference 
covered  by  the  bars  of  one  phase.  This  amounts  to 

a-  T  +  f  a: 

If  we  now  consider  the  position  of  the  first  bar  of  one 
phase  relatively  to  a  pole  as  settled,  the  second  bar  will  come 
in  a  similar,  but  not  in  an  exactly  similar,  position  with 
reference  to  the  second  pole,  the  third  bar  in  a  similar,  but 
still  less  exactly  so,  position  under  the  third  pole,  and  so  on. 
Each  successive  bar  creeps,  relatively  to  its  pole,  a  little  either 
forwards  or  backwards.  If  the  whole  winding  is  followed 
through,  the  last  bar  will  be  reached  in  a  position  differing 
from  that  of  the  first  by  an  amount,  as  the  above  expression 
shows,  equal  to  two-thirds  of  the  pitch.  The  winding  is  thus 
equivalent  to  a  coil  winding  whose  coil-edge  is  equal  to  two- 
thirds  of  the  pitch. 

E.M.F.  of  Alternators. 

We  arrived  at  the  expression  (55)  for  the  induced  E.M.F.  on 
the  assumption  that  the  armature  coils  rotate  in  a  uniform 
field. 

A  glance  at  Figs.  116  and  117  will  show,  however,  that  we 
cannot  without  further  investigations  apply  formula  (55)  to 
alternators  as  actually  built.  In  the  first  place,  this  formula  has 
been  arrived  at  by  assuming  that  the  machine  has  only  two 
poles,  but  as  alternators  are  generally  made  multipolar,  the 
formula  cannot  be  used  without  such  modification  as  will  take 
account  of  the  number  of  poles  and  the  manner  in  which  the 
armature  coils  are  joined  up.  In  the  next  place,  we  have 
assumed  the  coil  to  revolve,  whereas  in  a  multipolar  machine 
the  angular  movement  of  the  coil  in  passing  from  one  pole  to 
the  next  is  small  as  compared  with  its  movement  of  translation, 
and  if  the  poles  are  set  radially,  as  is  always  the  case,  the 
angular  movement  need  not  be  considered  at  all,  and  we  have 
merely  to  consider  the  linear  shifting  of  the  coil  from  one  pole 
to  the  next.  Then  we  must  take  into  account  the  shape  and 
dimensions  of  the  pole-pieces,  and  the  space  occupied  by  the 
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coils  relatively  thereto.  On  these  details  will  depend  the  shape 
of  the  line  B  (Fig.  113),  from  which  the  effective  E.M.F.  can 
be  calculated.  It  is  obvious  that  if  we  have  only  a  single 
conductor  on  the  armature  occupying  no  appreciable  space, 
the  E.M.F.  in  this  conductor  will  retain  its  maximum 
value  all  the  time  that  it  remains  within  the  polar  area, 
and  then  the  sloping  parts  of  line  B  would  become 
vertical  with  a  corresponding  increase  of  E.M.F.  It  is 
also  clear  that  if  we  could  abolish  the  idle  periods  between 
a  positive  and  negative  E.M.F.,  the  effective  E.M.F.  would 
attain  the  highest  possible  value,  and  become  equal  to  the 
maximum  E.M.F.  This  latter  condition  cannot,  however,  be 
fulfilled  in  practice,  because  it  implies  the  north  and  south 
pole-pieces  to  be  absolutely  contiguous.  The  nearest  approach 
to  this  condition  is  in  similar-pole  machines  like  the  Mordey 
machine,  where  fields  of  the  same  polarity  alternate  with 
blank  or  neutral  spaces.  Let,  in  Fig.  135,  N  S  represent 
the  poles  which  are  supposed  to  be  rectangular,  and  a  and 
b  two  positions  of  the  armature  coil,  consisting  of  a  single 
loop  of  wire  of  the  same  shape  as  the  contour  of  the 
pole-piece.  In  the  position  a  the  whole  field  passes  through 
the  loop,  and  the  E.M.F.  is  zero.  Immediately  after,  the 
left  wire  of  the  loop  has  entered  the  field  and  the  E.M.F. 
leaps  up  to  its  maximum  value,  which  it  retains  until  the 
left  wire  has  reached  the  end  of  the  field.  At  this  instant 
the  E.M.F.  is  zero,  but  immediately  after,  the  right  wire 
of  the  loop  enters  the  next  field,  and  the  E.M.F.  at  once 
assumes  its  maximum  negative  value,  and  so  the  action 
continues,  either  the  right  or  the  left  wire  of  the  loop 
being  active,  but  never  both  at  the  same  time.  The 
effective  E.M.F.  of  the  loop  in  C.G.S.  measure  is  given 
by  the  product  of  induction,  $a,  length  of  wire,  and  linear 
speed. 

Suppose  the  machine  to  have  p  poles  of  square  section, 
the  length  of  the  edge  being  d,  and  let  the  space  between 
adjacent  poles  also  be  d.  If  Fa  be  the  number  of  lines  of 

force  passing  out  of  each  pole  into  the  one  opposite,  then   -J 

d* 

is  the  induction   in  the  field  produced.     Now  let   D  be   the 
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mean  diameter  of  the  armature,  then  2  p  d  =  TT  D,  and   the 

linear  speed  is  TT  D  —  =  2  b  d  —     If  we  further  bear  in  mind 
60  60 

that  the  length  of  useful  conductor  is  d  also,  the  E.M.F.  of 
one  coil  induced  by  the  field  b\  is 

_        ,  n    FT   ,      _s 
60   ~d* 

e  =  2  b  —  F  io~s. 


B 


FIG.  135. 

The  space  between  the  poles  is  not,  however,  entirely  devoid 
of  field,  but  will  be  traversed  by  the  leakage  field,  F0.  This 
field  consequently  induces  an  E.M.F.,  and,  moreover,  in  the 
contrary  direction.  The  difference  between  these  E.M.F.'s  is 
consequently  the  available  E.M.F.,  and  we  thus  have 


That  is  actually  the  E.M.F.  induced  in  a  coil  consisting-of 
two  active  conductors,  but  we  have  p  coils  in  series,  and  the 
total  number  of  wires  in  this  case  is  2p,  but  if  each  coil  has 
q  turns,  the  total  number  of  active  conductors  is  2pq,  or 
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This  brings  the  E.M.F.  of  the  whole  armature  up  to 


The  frequency  is  ^^  =  p  — , 

60 

and  we  can  thus  write  the  equation  for  E.M.F. : 

e  =  "^  •—-  T  (Fj  -  F0)  io~s 

,.,~~T(!Li 

V          2 
*  =    2   ~  —  T  F  I0~8 

where  F  stands  for  half  the  difference  between  Fl  and  F0. 

If  we  write  N  for  the  flux  expressed  in  units  of  io6  C.G.S. 
lines, 

e  -  2  —^  r  N      .      .  .     (56) 

100 

and  it  is  interesting  to  compare  this  with  formula  (55), 
which  we  arrived  at  on  the  assumption  that  the  E.M.F.  is 
a  sine  function  of  the  time.  This  is  not  the  case  with  the 
similar-pole  machine  given  in  Fig.  135,  of  course,  for  the  curve 
of  E.M.F.  consists  of  a  succession  of  rectangles.  We  see, 
therefore,  that  this  arrangement  gives  an  E.M.F.  about 
io  per  cent,  less,  and  is  therefore  undesirable,  quite  apart  from 
the  consideration  of  the  greater  weight  of  the  field  magnets 
owing  to  the  relation  Fl  >  2  F. 

Formula  (56)  was  arrived  at  on  the  condition  that  the 
breadth  of  the  coils  was  equal  to  the  pitch  (half  the  distance 
between  the  pole-centres),  and  that  each  coil-edge  may  be 
treated  as  a  mathematical  line.  This  may  be  approximated  to 
in  the  case  of  an  armature  having  no  iron  when  each  coil 
consists  of  a  single  turn  of  thin  wire,  but  the  condition  cannot 
be  fulfilled  if  the  coil-edge  has  more  than  one  wire,  because  in 
this  case  it  occupies  a  definite  amount  of  circumferential  space. 
The  condition  may  be  practically  fulfilled  in  an  armature  with 
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iron  by  drawing  all  the  wires  01  one  coil-edge  into  one  hole. 
With  a  smooth  armature,  however,  or  a  coreless  one  such  as 
Mordey  uses  with  his  similar-pole  machine,  it  is  impossible  to 
avoid  spreading  the  wires  so  that  they  occupy  some  circum- 
ferential space,  and  the  result  of  this  is  that  the  E.M.F.  does 
not  reverse  simultaneously  in  all  the  wires,  and  the  E.M.F. 
curve  does  not  consist  of  a  succession  of  rectangles,  but 
assumes  a  more  rounded  form,  and  thus  includes  a  smaller 
area.  The  effective  E.M.F.  is  thus  reduced,  as  appears  in  the 
formula  for  e,  where  the  coefficient  is  no  longer  2,  as  in  (56), 
but  acquires  a  lower  value.  In  order  to  arrive  at  the  effective 
E.M.F.  of  such  a  machine,  we  must  assume  a  definite  relation 
between  the  breadth  of  a  pole  and  the  breadth  of  a  coil-edge. 
The  over-all  breadth  of  an  entire  coil  would  naturally  be  always 
made  equal  to  the  pole  breadth  in  order  to  use  the  winding 
space  to  the  best  possible  advantage.  Let  us  take  a  case 
where  the  space  occupied  by  each  coil-edge  is  one  quarter  of 
the  pole  width,  so  that  the  central  space  unoccupied  by  wire 
is  one-half  of  the  pole  breadth,  and  the  coil  width  remains 
equal  to  the  pole  breadth.  Under  these  conditions  the  coil 
has  -its  maximum  E.M.F.  for  half  the  duration  of  each  half 
period,  as  shown  by  the  portions  C  D  and  F  G  of  the 
horizontal  line,  V  V,  in  Fig.  117.  The  reversals  of  E.M.F., 
corresponding  to  the  sloping  portions,  B,  are  completed  during 
the  remaining  half  of  the  half  period. 

The  effective  E.M.F.  is  the  square  root  of  the  mean  square 
value  of  the  instantaneous  values  of  E.M.F.,  and  may  be  easily 
found  by  integration.  Under  the  above  conditions  this  gives 

e  =  1-64  ^^r  N (57) 

100 

The  effective  E.M.F.  of  such  a  machine  is  thus  only 
82  per  cent,  of  the  E.M.F.  we  should  obtain  from  one  with 
an  iron  core  and  a  one-hole  winding. 

Let  us  next  investigate  the  case  where  poles  of  alternate 
sign  follow  each  other  on  the  same  side  of  the  armature, 
such  as  in  the  field  of  the  Siemens  and  Ferranti  alternators, 
and  let  us  assume  that  the  distance  between  the  poles  is  equal 
to  their  width,  d.  In  order  to  obtain  alternating  E.M.F.'s 
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from  the  motion  of  tjie  coils,  they  must  be  so  disposed 
on  the  armature  that  a  coil  comes  opposite  each  field  and 
opposite  the  next  following  neutral  zone,  and  the  outside 
width  of  the  coil  will  naturally  be  made  equal  to  the 
pitch,  so  that  no  winding  space  between  adjacent  coils 
shall  be  wasted.  As  regards  the  width  of  the  blank  space 
within  the  coil,  designs  vary,  but  we  may  assume  as  a  fair 
average  that  it  is  about  equal  to  the  polar  width,  giving 
a  coil-edge  of  half  the  pitch. 


FIG.  136. 

In  Fig.  136  the  coil  is  shown  in  the  position  of  maximum 
E.M.F.,  which  occurs  only  at  one  instant,  and  the  E.M.F. 
line,  B,  assumes  the  zigzag  shape  O  E  O  E  as  shown. 

The  abscissae  of  this  line  represent  the  position  of  the 
middle  of  the  coil  relatively  to  the  pole.  If  the  middle  is 
opposite  the  centre  of  the  pole  (point  O)  the  E.M.F.  is  o  ;  if 
the  middle  is  exactly  midway  between  two  poles  as  in  the 
diagram,  the  E.M.F.  is  at  its  maximum,  E.  It  only  has  this 
value  for  an  instant,  since  wires  pass  out  of  the  field  on  moving 
either  to  the  right  or  left.  If  q/2  is  the  number  of  turns  in 
each  coil,  the  greatest  number  of  wires  that  can  be  simul- 


334  DYNAMOS,    ALTERNATORS, 

taneously  under  a   pole    is   q.     The   total   number    of  active 
conductors  is  therefore 

T  =  2pq. 

The  linear   speed    of  the   wires  is  ir  D  — ,  or  2 per-—  if  we 

oo  60 

indicate   the    pitch    by    or.     If  r   is    the    radial   depth  of  the 
pole-faces 

F  =  rd& 

I  =  r  r  and  <r  =  2  d 

~  n     F 

E  =  2  />  <r  —    —  r  r  io~8 
60    rd 

=  Ah  ^TFio-s 
60 

E  =  4  -  -  T  F  10-8 (58) 

This  is  the  greatest  value  of  the  E.M.F.,  and  occurs  at 
the  instant  when  the  middle  of  a  coil  is  at  the  distance  d 
from  the  centre  of  a  pole.  At  the  instant  when  the  middle 
of  the  coil  is  at  the  distance  x  from  the  pole-centre,  the 
E.M.F.,  ex ,  is  given  by  the  equation 


d 

In  order  to  find  the  effective  E.M.F.,  we  must  find  the  sum 
of  the  squares  of  all  the  values  of  e,  when  x  is  given  all 
possible  values  from  o  to  d,  and  the  first  step  is  therefore  to 
evaluate  the  integral 

T 

F ex2  dt  =   -  e1, 
Jo  4 

e  being  the  desired  effective  E.M.F. 
Since  x  —•  v  t,  we  have 

T 

!«*-!!,,«  (4  t*  dt 


- 

d2  3  16 
v     i     T 
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The  quantity  v  T  is,  however,  simply  the  distance  moved 
through  in  the  periodic  time,  which  is  equal  to  double  the 
pitch.  The  latter  is  further  equal  to  4^,  so  that  this  expression 
may  be  simplified  to 


or,  expressing  the  field  strength  in  units,  N,  of  one  million  lines 
each, 

e  =  2-31^^  T  N (59) 

100 

The  E.M.F.  of  this  machine  is  thus  seen  to  be  rather  greater 
than  in  the  normal  machine  having  a  sinusoidal  E.M.F. 

It  is  obviously  not  necessary  to  have  poles  on  both  sides  of 
the  armature.  We  could,  for  instance,  as  shown  in  the  lower 
figure,  replace  the  poles  on  one  side  by  the  smooth  iron  core 
of  an  armature.  In  this  case  it  would  only  be  necessary  to 
double  the  exciting  power  on  the  remaining  set  of  magnets  to 
get  the  same  total  field  strength  as  before,  and  the  alternator 
becomes  thus  directly  comparable  to  an  ordinary  multipolar 
drum-wound  dynamo.  Some  types  of  alternators  are  indeed 
so  constructed — notably  the  Westinghouse  machine,  and  that 
built  by  the  Electric  Construction  Corporation. 

The  coefficient  2^31  is,  of  course,  only  applicable  to  machines 
in  which  the  width  of  coil,  width  of  pole,  and  pitch  are  in  the 
ratio  indicated.  Had  we  assumed  different  proportions,  the 
coefficient  would  also  have  been  different.  To  show  the  effect 
of  a  variation  in  these  proportions,  we  may  take  the  case  of  a 
ring- wound  alternator  in  which  the  pitch  is  8in.,  width  of  cpil 
4in.,  and  width  of  pole  5in.  The  advantage  of  widening  the  pole 
is  that  the  maximum  E.M.F.,  instead  of  being  only  momentary, 
as  in  the  previous  case,  is  maintained  for  an  appreciable  time, 
and  thus  the  effective  E.M.F.  is  raised  without  increase  of 
maximum  E.M.F.  A  high  maximum  E.M.F.,  although  it  may 
only  be  momentary,  throws,  nevertheless,  a  great  strain  upon 
the  insulation,  and  to  avoid  this  it  is  advisable  to  make  the 
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width  of  the  active  part  of  the  coil  either  larger  or  smaller 
than  the  width  of  the  pole,  so  as  to  avoid  the  sharp  peak  in 
the  E.M.F.  line.  In  the  construction  shown  in  Fig.  137  this 
has  been  done  by  making  the  coil  I  in.  narrower  than  the  pole, 
and  the  maximum  E.M.F.  is  thus  kept  up  during  the  time 
that  the  armature  travels  i  in.  The  maximum  E.M.F.  is  now 
only 

E-  ^Fr^io-8, 
5  60 

or  by  25  per  cent,  smaller  than  in  the  previous  case,  whereas 
the  effective  E.M.F.  is  64*6  per  cent,  of  the  maximum, 


—  j 


FIG.  137. 

instead  of  only  57-8  per  cent.,  as  before.     The  coefficient  now 
works  out  to  —  x  '646  =  2*06. 

e  =  2-06  p  F  T  —  io~8  .....     (60) 
60 

Thus,  while  we  have  lowered  the  E.M.F.  by  only  u  per 
cent.,  we  have  lowered  the  strain  on  the  insulation  by 
25  per  cent.  With  an  effective  pressure  of  2,000  volts  the 
insulation  of  the  machine  would  be  subjected  to  a  strain 

of  2>00°  =  3,100  volts,  whereas  in  the  previous  machine  the 
' 


strain  would  be 

2-^  =  3,460  volts. 

0-578 

It  would,  of  course,  be  possible  to  shape  the  contour  of  the 
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polar  faces  so  that  the  E.M.F.  line  becomes  a  true  sine  curve, 
in  which  case  the  strain  on  the  insulation  would  be  reduced  to 

2,000  J  2  =  2,828  volts. 

Up  to  the  present  we  have  only  considered  those  cases  in 
which  the  armature  has  either  a  smooth  iron  core  or  else 
no  iron  in  the  coil  at  all,  so  that  the  coil-edges  occupy  a 
definite  space,  S,  on  the  armature  circumference.  We  have 
seen  that  the  relation 

S_  width  of  coil-edge 
<r  pitch 

as  well  as  the  relation 

P_  width  of  pole 
or  pitch 

influence  the  expression  for  the  E.M.F.  We  will  now  extend 
the  investigation  to  armatures  with  hole  windings.  We  have 
three  cases  to  consider.  The  simplest  is  the  common  one- 
hole  winding,  as  given  in  Figs.  124  and  125  for  single-phase 
and  in  Fig.  131  for  three-phase  armatures.  The  second  case 
is  a  distributed  (i.e.,  a  "  many-hole  ")  winding  exemplified  in 
Figs.  126,  127,  129,  and  130  ;  and  the  third  case  is  for  a 
"  creeping  "  winding,  like  that  in  Figs.  123  or  133.  The 
characteristic  feature  of  a  concentrated  (or  "one-hole") 
winding,  whether  for  one  or  more  phases,  is  that  all  the 
wires  belonging  to  one  coil-edge  are  affected  simultaneously 
and  to  the  same  extent.  Such  a  winding  is,  therefore, 
electrically  equivalent  to  a  winding  on  a  smooth  core,  the 
width  of  whose  coil-edge  is  o. 


If  it  were  possible  to  produce  fields  with  sharply  defined 
limits,  the  E.M.F.  curve  of  an  armature  so  wound  would  have 
the  shape  given  in  Fig.  135.  It  is,  however,  impossible  to 
obtain  sharply  defined  fields  ;  a  gradual  shading  off  always 
occurs  at  the  pole-edges,  so  that  the  sides  of  the  curves  do  not 
fall  vertically  and  along  a  straight  line,  but  assume  a  more  or 
less  rounded  form.  The  curve  is  thus  no  longer  a  succession 

22 
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of  rectangles,  but  approaches  rather  a  sine  curve  with  the  tops 
cut  off  by  a  horizontal  line.  If  the  pole-edges  are  sloped  or 
rounded  suitably,  the  E.M.F.  curve  may  be  brought  very  close 
to  a  true  sine  shape.  We  will,  however,  neglect  such  devices, 
and  assume  that  it  is  possible  to  produce  sharply  denned  fields. 
Calculations  made  under  this  assumption  can,  of  course,  only 
be  approximately  correct.  The  general  expression  for  the 
effective  E.M.F.  is 

e  =  k  — —  r  N  (61) 


S  P 

The  coefficient  k  depends  on  the  values  of  --  and  —  .     In 

<T  <T 

the  case  under  consideration 


p 

and  k  depends  only  on  —     The  pole  width  cannot  be  greater 

(T 

than  the  pitch,  and  the  smallest  value  met  with  in  practice  is 

about  half  the  pitch.     We  thus  arrive  at  limits  of  i  and  £  for 

p 
the  value  of  —  .     The  following  table  gives  values  for  k  with 

(T 

varying  pole  widths. 

--I  I  I  I 

cr 

k    =    2  2'23  2'4&  2'83 

These  values  are  only  correct,  as  pointed  out  above,  on  the 
assumption  that  the  fields  are  sharply  defined  ;  to  correct  for 
the  shading  off  of  the  field  strength,  these  values  must  be 
somewhat  lessened  (about  5  to  10  per  cent.). 

The  E.M.F.  of  armatures  with  distributed  windings  may 
be  estimated  by  regarding  them  as  made  up  of  two  or 
more  concentrated  windings  in  series  according  to  the 
number  of  holes  belonging  to  one  coil-edge.  These  windings 
have  a  displacement  relatively  to  each  other  corresponding 
to  the  length  of  the  hole  spacing.  To  obtain  the  value 
of  the  E.M.F.  of  the  whole  winding,  it  is  therefore  only 
necessary  to  find  the  vectorial  sum  of  the  E.M.F.  of  the 
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individual  windings  with  due  regard  to  this  phase  displace- 
ment. This  value  can  also  be  directly  determined  in  the 
following  manner.  The  E.M.F.  of  the  armature  is  determined 
for  various  positions  in  the  field,  and  the  E.M.F.  curve  thus 
obtained.  A  second  curve  is  plotted  from  this,  the  ordinates 
of  the  second  being  proportional  to  the  squares  of  the  first, 
and  the  area  of  the  second  is  obtained  by  a  planimeter.  The 
height  of  a  rectangle  of  the  same  area  and  base  as  the  curve 
is  the  value  of  the  mean  square,  and  the  square  root  of  this 
is  the  desired  effective  E.M.F.  on  the  scale  chosen  for  plotting. 
Assuming  sharply  defined  fields,  and  that  the  holes  are,  as  is 
usually  the  case,  disposed  symmetrically,  it  is  not  necessary 
even  to  use  a  planimeter — the  E.M.F.  may  be  determined  by 
calculation.  To  make  the  method  clear  an  example  may  be 
taken.  Suppose  the  pole  breadth  to  be  two-thirds  of  the 


i 

J 

<r~1 
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:>        i 

0 

4 

i 

1 

FIG.  138. 

pitch,  and  the  armature  to  be  wound  with  a  three-phase  three- 
hole  winding.  There  will  be  3  x  3  =  g  holes  in  the  length  of 
the  pitch,  and  the  hole  spacing  is  one-ninth  of  the  pitch.  We 
make  the  sketch  (Fig.  138)  such  that  the  distance  between  the 
pole-centres  is  nine  units  and  the  hole  spacing  one  unit  of 
length.  The  E.M.F.  curve  need,  of  course,  only  be  deter- 
mined for  one  phase — for  example,  that  one  whose  coil  ends 
are  shown  in  full  lines.  This  gives  the  step-shaped  line  shown 
in  Fig.  139.  Obviously,  the  step-like  character  of  the  curve 
.will  not  be  so  sharply  traced  in  reality,  since  the  fading  off  of 
the  field  at  the  pole-edges  will  fill  out  and  round  off  the 
corners.  The  curve  will  thus  approximate  to  a  sine  law. 
Since  the  pole  breadth  is  6  and  the  breadth  of  the  coil-edge 
is  2,  the  E.M.F.  will  be  at  its  maximum  while  the  armature 
moves  over  the  space  of  four  units  of  length.  The  width  of 
the  steps  is  i.  Thus  we  obtain  the  figures  inserted  in  Fig.  139. 
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The  ordinates  of  the  steps  are  E,  §  E,  and  £  E  ;   the  squares 
of  the  ordinates  are  E2,  £  E2,  and  £  E2.     We,  therefore,  have 


=  E2  (A  +  1  x    2   +  -   x  2) 
v 


=  E  J  4 


9  9 

e  =  0752  E. 

If  the   length   of  the    armature    is    L,    and    the    peripheral 
velocity  is  v,  the  following  relations  hold 


2  0-       — - ; 


L  ^  =  F. 
3 


These  values  inserted  in  the  expression 

E  =  v  |i  LT 
give  E  -  3  ~~  r  F 


2-26 


N 


This  is  very  nearly  the  same  formula  which  we  obtained  for 
a  machine  with  a  sinusoidal  E.M.F.  The  coefficient  2*26  is, 
of  course,  only  applicable  to  the  case  here  dealt  with — viz., 
where  P  =  §  cr,  and  there  are  three  holes  per  coil-edge. 

If  we  take  two  holes  for  the  coil-edge,  and  all  the  holes 
are  equidistant,  the  breadth  of  the  coil-edge  is  £  a-,  and  a 
calculation  like  that  above  will  give  a  coefficient  k  of  2-30. 

If  we  take  a  great  number  of  holes,  the  arrangement 
approaches  the  conditions  of  a  smooth-cored  armature  with  a 
coil-edge  equal  to  one-third  of  the  pitch.  The  coefficient  is 
then  k  =  2-23. 
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In  the  same  way  the  effective  E.M.F.  may  be  calculated 
for  any  pole  breadth  and  any  grouping  of  the  coils.  In  all 
three-phase  windings  each  phase  must  cover  one-third  of  the 
available  winding  space,  and  in  a  two-phaser  one-half.  There 
must,  in  fact,  be  one  edge  of  the  coils  of  each  phase  within  the 
length  a-  —  that  is  to  say,  three  or  two  edges,  as  the  case  may 
be.  At  the  same  time,  each  coil-edge  may  be  laid,  of  course, 
in  two  or  more  holes.  If  the  distance  between  the  two  edges 
of  one  coil  is  made  equal  to  the  pitch,  <r,  an  overlapping 
winding  results,  like  that  shown  in  Fig.  138.  In  this  figure 
the  wires  of  one  phase  are  shown  in  full  lines,  and  those 
of  the  two  others  are  dotted.  In  order  to  avoid  the  crossing 
of  wires  as  much  as  possible,  and  to  get  a  perfectly  symmetrical 
arrangement,  it  is  well  to  carry  out  the  winding  in  such  a 
manner  that  the  holes  of  each  phase  form  a  united  group. 
In  this  way,  if  the  holes  are  numbered  consecutively,  the 
wires  of  phase  a  will  be  wound  in  holes  i,  2,  3,  those  of 
phase  b  in  holes  4,  5,  6,  and  those  of  phase  c  in  holes  7,  8,  9  ; 
but  not  phase  a  in  holes  i,  3,  4,  phase  b  in  2,  5,  7,  and  phase  c 
in  6,  8,  9.  This  condition  involves,  however,  a  breadth  of 
winding  —  i.e.,  a  distance  between  the  first  and  last  holes 
of  one  coil-edge  —  which  is  too  nearly  one-third  of  the  pitch 
if  there  are  many  holes  per  coil-edge.  If  there  are  three 
holes  per  coil-edge,  the  width  of  winding  is  f  or,  with  two 
holes  5  a-,  and  with  one  hole  o 

The  third  case  referred  to  above  (the  "creeping"  winding; 
see  Figs.  123  and  133)  may  be  compared  with  the  case  of  a 
smooth-core  winding,  as  already  explained.  Of  course,  the 
bars  of  the  creeping  winding  are  also  drawn  into  holes,  but 
the  position  of  the  holes  chosen  is  such  that  the  inductive 
effect  is  the  same  as  that  in  the  smooth  armature.  The 
coefficient  for  the  smooth-cored  armature  holds  good,  thefe- 
fore,  for  the  corresponding  creeping  winding.  The  E.M.F. 
of  a  creeping  winding  formed  with  coils  is  the  same  as  with 
a  smooth  armature,  in  which 


and  that  of  a   bar-wound    creeping  winding   is    the  same   as 
with  a  smooth  winding,  where 
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In  the  same  way,  as  has  been  here  shown  for  long  coils,  the 
E.M.F.,  or  the  coefficient  k  in  the  formula  (61),  may  be 
calculated  for  short  coils  and  for  toothed  cores.  Since  these 
calculations  only  involve  an  application  of  the  principles  laid 
down  above,  it  is  not  necessary  to  enter  in  detail  into  them 
here.  It  will  suffice  to  give  in  the  following  table  the  values 
of  the  coefficient  k  obtained  in  this  way  for  the  formula 


100 


(61) 


for  the  following  : 


Smooth  cores  with  long  coils. 
Tunnelled  cores  and  short  coils. 
Tunnelled  cores  with  long  coils. 
Toothed  cores. 

TABLE  OF  THE  COEFFICIENT  k  FOR  SMOOTH  CORES  AND  LONG  COILS. 
<r  =  Pitch.  P  =  Pole  Breadth.  S  =  Coil  Breadth. 


S 
a 

= 

•    i 

1 
2 

2 
3 

1 

Field  System. 

1 

2        \  1-76 

1-64 

1-49 

116 

} 

4 
5 

2-23      1-96 

1-82 

1-66 

1-29 

\.   Similar  pole. 

~  = 

3 

2-46  |  2-23 

i 

2-13 

1-94 

1-49 

^  Alternate  pole. 

1 
2 

2-83      2-50 

2-32 

212 

1-64 

TABLE   OF   THE   COEFFICIENT   k   FOR   TUNNELLED   CORES  AND  SHOUT 
COILS. 


Field  System. 

Similar  Pole. 

Alternate  Pole. 

P  _ 

ff 

1 

2                1 
"3                 2 

k  = 

1-64 

2-12           2-32 
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TABLE  OF  COEFFICIENT  k  FOR  TUNNELLED  CORES  AND  LONG  COILS. 
<r  =  Pitch.  P  =  Pole  Breadth.  S  =  Coil  Breadth. 


Type  of 
Winding. 

— 

. 

0 

S! 

Field  System. 

No.  of  Phases. 

S 
a- 

Hole   spacing 
Pitch 

6 
1 

0 

2 

1 
2 

0 

3 

1 
3 

0 

1&2 

1 

3 

1 
6 

1&3 

2 
9" 

1 
9 

1&2 

1 

4" 

1 
4 

1&3 

1 
6 

1 
6 

1,  2,  &  3 
0 

'4*i 

1 
1 

•K  D 

a  r 

1-16 

1-29 
1-49 
1-64 

3 

2 
3 

IT    D 
3<7T 

P       {     t 
7  =  |     J 

1-16 
1-29 
1-49 
1-64 

1-64 

1-82 
2-13 
2-32 

1-761-68 
1-961-98 
2-232-16 
2-5   2-36 

1-80 
2-10 
2-26 
2-54 

1-72 
2-02 
2-18 
2-45 

1-82 
2-12 
2-30 
2-59 

2-00 
2-23 
2-46 
2-83 

1-49 
1-66 
1-94 
2-12 

\       Similar 
I         poles. 
\     Alternate 
/         poles. 

Explanation  of  Symbols. 

indicates  a  symmetrical  bar  winding  with  so  many 
holes  per  phase  and  per  pole,  that  the  winding 
may  be  considered  electrically  equivalent  to  a 
smooth-core  winding. 

indicates  a  coil  winding  in  which  each  coil-edge  is 
carried  in  three  holes. 

indicates  a  coil  winding  having  each  coil-edge  in 
two  holes. 

indicates  a  coil  winding  having  only  one  hole  to 
each  coil-edge. 

indicates  a  closed  continuous-current  winding  from 
which  a  single-phase  current  is  being  taken. 

indicates  a  bar- wound  creeping  winding  for  three- 
phase  current. 

TABLE  OF  COEFFICIENT  h  FOR  TOOTHED  CORES. 


Breadth  of  core  tooth 

2 

1 

Field  System 

Pitch 

3 

2 

(   ~ 

Breath  of  pole  teeth        (      3 

2-10 

1-73 

Pitch                    j      1 
V    "2 

2-30 

2-00 
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It  is  interesting  to  compare  together  an  alternator  and 
a  dynamo  as  to  their  induced  E.M.F.'s.  Formula  (33) 
(p.  115)  gives  the  E.M.F.  of  a  multipolar  dynamo  with  one 
pair  of  parallel  circuits  through  its  armature, 

E=^TFio-«, (33) 

or,  giving  the  same  meaning  to  N  as  before, 

E  =  — ^rN. 
100 

We  found  for  the  alternator 

e  =  k~^TN      .     .  (61) 

100 

The  relation  between  the  E.M.F.'s  of  the  two  machines 
on  the  assumption  of  equally  strong  fields  and  equal 
lengths  of  armature  wire,  is  consequently  k  :  i,  while  on 
the  assumption  of  equal  current  density  in  the  armature 
wires,  the  currents  will  be  in  the  proportion  of  1:2.  The 
product  of  current  and  pressure  in  the  alternator  is  thus 
as  k  :  2  times  the  corresponding  value  for  the  direct- 
current  dynamo.  Since  k,  however,  is  usually  greater  than 
2  in  alternators,  it  follows  that  the  output  of  the  alternator 
in  volt-amperes  is  somewhat  larger  than  that  of  an  equally 
heavy  dynamo;  its  output  in  watts  is  not,  however,  very 
different  from  that  of  the  dynamo. 
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CHAPTER  XVI. 

Power  in  an  Alternating  Circuit — Self-induction— Self- 
induction  in  the  Armature — Condition  for  Maximum  Power — 
Application  to  Motors— Capacity — Effect  of  Self-induction 
and  Capacity — Polyphase  Systems— The  Monocyclic  System. 

Power  in  an  Alternating  Circuit. 

It  was  shown  in  the  last  section  how  the  E.M.F.  induced  in 
the  armature  of  a  machine  at  no  load  may  be  calculated  from 
the  particulars  of  the  winding  and  geometrical  arrangement. 
The  field  strength  is  assumed  as  known,  since  it,  as  well  as  the 
corresponding  excitation,  may  be  determined  in  accordance 
with  the  principles  laid  down  in  the  tenth  chapter.  We  are, 
however,  by  no  means  satisfied  with  this  knowledge  alone. 
What  we  want  to  know  is  the  terminal  E.M.F.  and  output  of 
the  machine  when  loaded — that  is  to  say,  the  work  or  energy 
delivered  to  the  external  circuit  per  unit  of  time.  This  clearly 
amounts  to 


f. 


eidt 


where  the  limits  of  the  integral  are  to  be  so  chosen  that 
t2  -  t^  =  i  second. 

It  is,  however,  unnecessary,  and  would  be  inconvenient,  to 
take  such  wide  limits,  because  we  should  then  obtain  the 
energy  delivered  during  a  large  number  of  periods.  It  is  at 
once  simpler  and  preferable  to  integrate  over  one  complete 
period  only,  or,  still  better,  over  a  part  only  of  a  period.  This 
is  permissible  if  the  part  is  so  chosen  that  it  is  an  exact  sub- 
multiple  of  a  complete  period.  With  symmetrical  curves  of 
current  and  pressure,  therefore,  it  is  sufficient  to  integrate  over 
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a  half-period — that  is,  between  the  limits  of  time  o  and  — . 
The  power  is  then  the  quotient  from  the  work  so  obtained 
divided  by  the  time  -  . 


We  thus  have 


W=  -Teidt. 
T  J  o 


On  the  assumption  that  the  current  and  pressure  follow  a 
sine  law,  we  get 


W= 


sin  a  I  sin  (a-0)  dt; 


where,  as  is  seen  in  Fig.  140, 

e  =  E  sin  a 
i  =  I  sin  (a  - 


FIG.  140. 

In  the  last  equation  the  angle  <f>  is  introduced  in  order  to 
indicate  that  the  current  does  not  reach  its  maximum  simul- 
taneously with,  but  somewhat  later,  than  the  E.M.F.  The 
current  phase  is  displaced  relatively  to  the  pressure  phase,  in 
this  case  displaced  backwards.  The  current  lags.  We  say 
there  is  a  phase  displacement  <f>  between  pressure  and  current. 
In  Fig.  140  this  relation  between  the  two  is  shown  by  the 
relative  positions  of  the  current  and  pressure  vectors.  If  we 
consider  the  vectors  to  be  rotating  clockwise  with  an  angular 
velocity, 

w  =  2  TT  '~^-^) 
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the  instantaneous  value,  Ex,  of  the  pressure  is  given  by  the 
projection  of  the  pressure  vector,  E,  and  the  instantaneous 
current,  I1?  by  the  projection  of  the  current  vector,  I. 

Since  a  =  to  t,  therefore  dt  =  a       . 

2   7T   """— ' 

If  we  insert  this  value  in  the  equation  for  W,  it  becomes 
W  =  2  ~—  /  E  I  sin  a  sin  (a  -  0)  — 

n  2  7T  ^~^ " — 

El/*. 


—  f  sin  a  sin  (a  -  0)  da. 


W 

7T     I 
0 


The  integral  is  cos  d>  — ,  and  we  thus  have 

2 

W  =   —  cos  0 

W  =  e  i  cos  0 (63) 

The  product  £  i  is  what  was  called  at  the  end  of  the  last 
section  the  volt-ampere  output  of  the  machine.  It  is  evident 
that  the  true  (or  watt)  output  of  the  machine  is  found  when 
the  volt-ampere  output  is  multiplied  by  the  cosine  of  the 
angle  of  lag.  Since  i  cos  (p  is  nothing  but  the  projection  of 
the  effective  current  vector  on  the  effective  pressure  vector  e, 
it  may  be  said  that  the  true  power  is  represented  by  the 
product  of  the  effective  pressure  and  that  component  of  the 
effective  current  which  is  in  phase  with  the  pressure.  Or, 
the  power  is  given  by  the  product  of  the  effective  current 
and  that  component  of  the  effective  pressure  which  is  in 
phase  with  it. 

In  obtaining  the  expression  for  the  power  we  employed 
integration,  but,  as  Blakesley  first  showed,  it  may  be  arrived 
at  by  pure  trigonometry  in  the  following  manner.  Imagine 
a  large  number  of  current  and  pressure  vectors,  equally 
spaced  (drawn  in  in  Fig.  140),  and  if  we  find  the  products  Ex  Ilt 
then  the  sum  of  these,  divided  by  the  number  of  them,  will 
give  the  effective  mean  value  of  the  power.  Now,  instead  of 
making  the  summation  step  by  step,  we  can  always  take  two 
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positions,  go  deg.  apart,  together.  Each  pair  of  vectors  will 
be  counted  twice  over  by  this  method,  and  we  must  divide 
by  2  to  obtain  the  power.  We,  therefore,  form  expressions 
of  the  shape 

Ej  Ix  =  E  I  sin  a  sin  (a  -  0) 
E'jI'j^EI  sin  (a +  90)  sin  (a  +  90-^). 
The  sum  is 

Ej  Ix  +  E'x  I'j  =-  E  I  [sin  a  sin  (a  -  0)  +  cos  a  cos  (a  -  0)] 

Ej  Ix  +  E'j  l\  =  E  I  cos  (a  -  0  -  a) 

EX  T!  +  E\  l\  =  E  I  cos  <£. 

We  should  obtain  the  same  expression  for  any  value  of  a. 
If  n  is  the  number  of  vector  pairs,  then  n  E  I  cos  0  is  the 
sum  in  question,  which  is  to  be  divided  by  2  n  to  obtain  the 
power.  We  thus  have 

W=— [  cos  <i>. 

2 

This  is  the  identical  expression  which  we  before  obtained 
by  integration. 

Self-induction. 

The  power  becomes  less,  the  smaller  the  value  of  cos  0 — 
that  is,  the  greater  the  phase  difference.  Cos  0  receives  the 
name  of  "  power  factor."  The  displacement  of  the  current 
phase  is  occasioned  by  the  E.M.F.  which  the  current  itself 
induces — that  is,  by  the  self-induction.  The  self-induction 
may  be  in  the  armature  alone,  or  it  may  be  present  in  the 
outer  circuit  also.  We  will  make  no  assumption  as  to  how  it 
is  distributed,  but  will  merely  assume  that  there  is  an  E.M.F. 
of  self-induction  somewhere  in  the  circuit.  Let  its  maximum 
value  be  E*,  and  its  effective  value  es.  An  E.M.F.  can  only  be 
set  up  when  a  conductor  is  being  cut  by  magnetic  lines.  To 
elucidate  the  origin  of  this  E.M.F.,  we  will,  therefore,  assume 
that  a  self-induced  field,  F«  ,  is  linked  with  Tg  turns  of  the 
winding.  We  then  have  by  formula  (52) 
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in  which  n  stands  for  the  revolutions  per  second  of  the  two- 
pole  machine.  We  then  showed  that  this  formula  held  good 
also  for  multipolar  machines  when  for  n  the  frequency  ^—  -  was 
inserted  ;  since  Es  —  eg  \/2,  we  can  write 


s  =  2  TT        -  TS 
E,  =  «  TS  Fs  io-8      ......     (64) 

Now,  F,.  is  a  self-induced  field  due  to  the  current  I.  Since 
this  is  not  usually  so  strong  that  the  iron  in  the  path  of  the 
flux  gets  anywhere  near  saturation,  we  may  assume  the  field 
strength,  and,  consequently,  the  product,  rs  Fs  ,  proportional 
to  the  maximum  value  of  the  current,  and  can  thus  write 

Ta  F,  =  L  I  io-1. 

L  is  the  proportionality  coefficient,  and  the  factor  lo"1  is 
introduced  to  keep  the  formula  in  the  absolute  system  of  units, 
when  I  is  given  in  amperes.  We  have  then 

E,  =  o>  I  L  io-9. 

Since  in  the  absolute  system  the  quotient  of  an  E.M.F.  and 
a  current  is  a  velocity,  and  since  w  is  an  angular  velocity,  it 
follows  that  L  must  be  a  length,  and,  moreover,  a  unit  length  — 
that  is,  i  cm.  L  x  io9  is  also  a  length  —  viz.,  10,000  km.  —  or 
very  nearly  an  earth  quadrant.  The  name  "  coefficient  of  self- 
induction  "  is  given  to  the  quantity  L.  If  it  is  expressed  in 
units  of  io~9  =  10,000  km.  or  earth  quadrants,  the  above 
formula  simplifies  into 

E.  =  w  I  L     ......     (65) 

A  decision  was  arrived  at  during  the  congress  at  Chicago, 
in  1893,  to  name  the  earth  quadrant  unit  of  self-induction 
after  the  American  physicist  Henry.  The  product  of  angular 
velocity,  current,  and  henries  gives,  therefore,  the  E.M.F.  af 
self-induction  in  volts.  Since  for  current,  as  well  as  for  volts, 
the  relation  between  maximum  and  effective  values  is  >/2,  the 
above  equation  can  also  be  written 

eg  =  co  i  L     ......     (66) 

An  angular  velocity  is  the  reciprocal  of  a  time  ;  the  product 
L  a)  is,  therefore,  simply  a  linear  velocity,  and  thus  is  of  the 
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nature   of  an  electrical  resistance.     We   can,  therefore,   also 
express  L  in  ohms. 

From  (64)  and  (65)  we  find 


Equation  (22)  gives  F  =  — 

R 

where   R  is  the  magnetic  resistance  of  the  self-induced  field 
as  calculated  from  equation  (23).     Hence 

L  =  Ii!io-«    ......     (67) 

K 

An  example  may  serve  to  make  the  application  of  this 
formula  clear.  In  order  to  make  lamps  burn  dull,  a 
so-called  choking  coil  is  sometimes  connected  in  the 
circuit.  This  has  an  iron  core,  which  forms  a  closed 
magnetic  circuit  with  the  exception  of  a  small  air-gap. 
Let  the  air-gap  be  0*5  cm.  long  and  have  a  cross-section 
of  100  square  centimetres.  Its  magnetic  resistance,  according 
to  formula  (23),  works  out  at 

R  =  4  x  io~3. 
Let  the  coil  have  100  turns.     Then 

L=     I0°2     IQ-*.  -1  henry. 
4  x  io~3  40 

If  ^^^50,  (0  =  314,  and  then 

-  3*4; 

eg  —     —  * 
40 

e.  -  7-85  *. 

The  choking  coil  therefore  acts  as  if  it  had  a  resistance 
of  7*85  ohms.  In  order  to  send  10  amperes  through  it, 
there  will  be  necessary  (quite  apart  from  its  true  ohmic 
resistance,  which  may  be  made  as  small  as  may  be 
desired)  at  its  terminals  an  E.M.F.  of  78*5  volts. 

Self-induction  in  the  Armature. 

Up  to  the  present  we  have  made  no  assumption  regarding 
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the  exact  position  of  the  self-induction.  We  will  now  assume 
that  it  is  present  only  in  the  armature,  and  not  in  the  external 
circuit  ;  for  example,  that  the  machine  is  supplying  a  bank 
of  glow  lamps  direct.  As  we  shall  see  presently,  the  self- 
induction  of  the  armature  is  not  the  only  disturbing  element, 
but  one  has  to  consider  further  the  magnetising  or  demagnetis- 
ing effect  of  the  armature  upon  the  field,  according  as  the 
current  leads  or  lags.  We  will,  however,  in  order  to  keep 
the  investigation  simple,  at  first  neglect  this  armature  reaction, 
and  assume  that  the  armature  is  only  possessed  of  resistance 
and  self-induction. 

The  self-induction  is  clearly  proportional  to  the  three  follow- 
ing quantities  :  the  number  of  lines  of  force,  the  number  of 
turns  of  winding,  and  the  number  of  alternations  per  second. 
As  far  as  the  number  of  lines  of  force  is  concerned,  this  is 
proportional  to  the  current  strength,  assuming,  of  course,  that 
the  medium  surrounding  the  coil  has  a  constant  permeability  ; 
the  outcome  of  this  is  that  the  E.M.F.  of  self-induction  is 
proportional  to  the  current.  Supposing  we  have  coils  of 
q  turns  through  which  the  current  *  passes,  then  for  one  coil 


where  R  stands  for  the  magnetic  resistance  of  the  space 
surrounding  the  coil.  The  self-induction  of  the  whole 
armature,  if  it  possesses  2  p  coils  connected  in  series,  is 
then  2  p  times  as  great.  In  order  to  keep  the  self-induction 
down,  q  should  be  small  and  R  should  be  large.  We  shall 
thus  need  to  avoid  winding  too  much  wire  on  the  armature, 
and  shall,  therefore,  need  as  strong  a  field  as  possible.  We 
shall  also  make  the  air-gap  as  large  as  we  can  without 
increasing  the  leakage  too  much.  It  will  be  shown  lat£r 
.  on  that  the  self  -  induction  produces  a  variation  in  the 
terminal  pressure  when  the  load  varies.  In  order  therefore 
to  obtain  as  constant  a  terminal  pressure  as  possible,  and 
a  high  power  factor,  effort  should  be  made  to  keep  the 
self-induction  small.  But  this  would  mean  strong  fields  —  that 
is  to  say,  heavy  machines  and  big  excitation. 

The  testing  of  the  self-induction  of  an  alternator  offers  no 
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difficulties.  We  only  need,  while  the  machine  is  stationary, 
to  send  a  current  of  known  strength  and  of  the  normal 
frequency  through  the  armature,  and  to  measure  the  E.M.F. 
at  the  terminals.  We  have,  naturally,  to  take  account  at  the 
same  time  of  the  armature  resistance,  but  to  this  no  further 
reference  need  be  made  here.  The  coefficient  of  self-induction 
for  one  coil  is  q2  R"1  io~8,  and,  therefore,  for  the  entire  armature 
having  2/>  coils 

L  =  2p  q2  R"1  io~8. 

The  E.M.F.,  therefore,  which  is  necessary  to  send  a  current 
of  the  maximum  value,  I,  and  of  ^^  periods  per  second 
through  the  armature  is 

Es  =  to  L  I  volts. 


A  IIIIIIIIIIIHIHI        *      IIIIIIIIHIIIII 
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FIG.  141. 

If  we  insert  in  this  formula  effective  values  for  the  maximum 
values,  we  have 

<?g  --=  co  L  i  volts. 

Since  the  frequency  is  known,  and  i  and  eg  can  be 
measured,  we  can  find  the  coefficient  of  self-induction;  or 
we  may  measure  directly  the  coefficient  of  self-induction 
by  means  of  a  secohmmeter,  and  from  it  find  the  value 
of  eg  or  E«  corresponding  to  any  armature  current  *.  It 
should  be  noted  that  L  is  not  constant,  but  varies  according 
to  the  position  which  the  armature  occupies  in  the  field, 
as  will  be  seen  from  Fig.  141,  which  represents  a  Mordey 
armature  in  two  positions,  the  upper  diagram,  A,  showing 
position  of  maximum  E.M.F.,  and  the  lower,  B,  of  zero 
E.M.F.  When  the  armature  is  in  the  position  of  maximum 
E.M.F.,  one  half  of  each  of  the  coils  a,  b,  c  is  active, 
and  the  field  magnets  form  somewhat  imperfect  cores  to 
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all  the  armature  coils.  In  the  position  of  zero  E.M.F. 
the  field  magnets  form  perfect  cores  to  the  coils  a  and  c, 
but  the  intermediate  coil,  6,  has  no  core  at  all.  The 
permeability  of  the  medium  surrounding  these  intermediate 
coils  (mostly  air)  will,  therefore,  be  a  minimum,  but  to 
make  up  for  this,  the  permeability  of  the  medium  surrounding 
the  other  coils  (mostly  iron)  will  be  a  maximum,  whereas 
in  the  other  position  the  permeability  has  an  intermediate 
value,  and  is  the  same  for  all  the  coils.  It  is  impossible 
to  say  at  a  glance  whether  the  self-induction  in  position 
A  or  in  position  B  will  be  the  greater.  Tests  made  by 
Prof.  Ayrton  on  a  Mordey  machine  showed  that  the 
difference  is  not  very  great1,  the  coefficient  of  self- 
induction  being  "038  quadrant  for  position  A,  and  "036 
quadrant  for  position  B.  He  also  found  that  both  values 
decreased  by  about  14  per  cent,  when  the  magnets  were 
fully  excited,  which  is  quite  natural,  since  the  permeability 
of  the  magnet  cores  must  decrease  when  there  is  an  initial 
induction  passing  through  them. 

If  we  suppose  the  line  O  I  to  represent  to  any  arbitrary 
scale  the  strength  of  the  maximum  current,  then  the  projection 
of  O  I  on  the  vertical  at  any  instant  will  to  the  same  scale 
represent  the  strength  of  the  current  at  that  instant.  It  is 
clear  that  an  E.M.F.  may  be  represented  in  the  same  way. 
Thus,  if  O  Er  represents  to  any  arbitrary  scale  the  maximum 
E.M.F.  which  is  required  to  force  the  maximum  current,  I, 
through  the  resistance,  r,  of  the  circuit,  then  the  projection  of 
O  Er  on  the  vertical  will  give  the  instantaneous  value  of  the 
E.M.F.  The  E.M.F.  of  self-induction  may  be  represented  in 
the  same  way.  It  has  been  shown  that  when  i  =  o — that  is, 
when  O  I  in  the  diagram  is  horizontal — the  E.M.F.  of  self- 
induction  is  a  maximum.  At  that  instant,  then,  the  radius 
.representing  the  maximum  E.M.F.  of  self-induction  must 
stand  vertically — that  is,  at  right  angles  to  the  current  radius. 
The  only  question  to  be  considered  is  whether  the  radius 
of  self-inductive  E.M.F.  will  point  upwards  or  dow  iwards. 
Suppose  that  the  current  radius  revolves  clockwise  (hence  the 

1  Discussion    on     Morcley's    paper    on     "Alternate-Current     Working"    at     the 
Institution  of  Electrical  Engineers,  May  30,  1889. 
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term  clock  diagram),  and  that  I  is  to  the  left  of  O.  At  that 
moment  the  current  passes  through  zero  and  begins  to 
increase.  By  Lenz's  law  the  self-induction  must  tend  to 
prevent  the  increase  of  current — that  is  to  say,  the  radius 
of  self-induction  must  point  downwards.  Let  O  E«  represent 
the  maximum  value  of  E.M.F.  of  self-induction  drawn  to  the 
same  scale  as  O  Er,  then  the  projection  of  O  E»  on  the 
vertical  will  give  us  the  instantaneous  value  of  the  E.M.F. 


of  self-induction.  The  lines  O  I  and  O  Eg  revolve  round  O 
together,  always  preserving  their  mutual  right  angular 
positions. 

In  determining  the  position  of  I  and  Er  it  has  been  assumed 
that  no  other  E.M.F.  but  Er  acts  in  the  circuit.  This  assump- 
tion we  now  see  was  incorrect,  since,  in  addition  to  the  E.M.F., 
Er  ,  which  is  required  to  overcome  the  resistance  of  the  circuit, 
there  is  also  active  the  E.M.F.  of  self-induction,  £„.  If,  then, 
we  wish  to  preserve  the  current  at  its  assumed  strength,  we 
must  introduce  a  new  E.M.F.  to  counteract  the  E.M.F.  of 
self-induction.  This  must  obviously  be  opposed  to  it  and 
of  the  same  magnitude,  as  shown  by  the  dotted  line,  O  Eg1. 
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The  alternator  must,  therefore,  not  only  give  the  E.M.F.  E,-, 
but  also  the  E.M.F.  E«l,  or,  in  other  words,  it  must  give  the 
resultant  E.M.F.,  E. 

It  will  be  seen  that  E  must  under  all  circumstances  be 
larger  than  Er.  Now  imagine  the  field  magnets  of  the 
alternator  excited  and  the  external  circuit  open.  The 
pressure  measured  at  the  terminals  of  the  armature  will 

be  — -.     If  we  close  the  external  circuit  so  as  to  obtain  the 

V2 

current  I,  we  find  that  the  E.M.F.  producing  this  current 
has  now  fallen  to  the  value  — =,  the  difference  being  due 

\/2 

to  self-induction.  It  will  be  seen  from  the  diagram  that 
E2  =  Er2  +  E«2,  and  this  formula  gives  us  a  new  way  of 
determining  the  average  self-induction  of  an  alternator. 

We  need  only  determine  for  the  same  speed  and  excitation 
the  terminal  voltage  at  full  current  and  when  running  on  open 
circuit.  In  the  latter  case  we  get  what  may  be  termed  the 
static  voltage,  E,  and  in  the  former  the  dynamic  voltage  less 
the  small  percentage  wasted  in  armature  resistance.  If  R 
be  the  resistance  of  the  armature,  and  E«  the  terminal  voltage, 
then  Er  =  Et  +  R  I. 

The  two  measurements  give  us  therefore  at  once — 

E,  =    VE2  -  E,.  2 

and  from  this  we  find  by  formula  (66)  the  coefficient  of 
self-induction,  L. 

An  example  will  make  this  matter  clear.  A  3O-kw. 
alternator  of  the  author's  design,  when  running  at  a  frequency 
of  70  cycles  per  second,  was  excited  to  give  2,100  volts 
at  the  terminals  with  a  current  of  15  amperes.  I  in  this 
case  is  therefore  21 'i  and  Et  =  2,960.  The  armature, 
resistance  is  7  ohms,  causing  a  loss  of  148  volts.  The 
dynamic  E.M.F.,  Er,  is  therefore  2,960  +  148  =  3,108  volts. 
When  the  external  circuit  was  interrupted  the  terminal 
pressure  rose  to  2,295  volts,  corresponding  to  E  =  3,230. 
The  E.M.F.  of  self-induction  is  therefore 


E,  x/3,2302  -  3,io82, 
E,  =  880. 

23* 
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By  formula  (66),  if  substituting  maximum  for  effective  values, 
we  have  880  =  2  TTJQ  L2i'i ; 

L  =  0*095  henry. 

A  correction  is,  however,  here  necessary.  It  will  be  shown 
in  the  following  chapter  that  a  lagging  current  tends  to  weaken 
the  field,  and  consequently  to  reduce  the  value  of  E,.  below  the 
value  due  to  self-induction  only.  The  coefficient  of  self- 
induction  obtained  above  is  therefore  greater  than  its  true 
value,  such  as  can  be  measured  with  a  secohmmeter,  or 
determined  by  the  previously  described  method. 

Conditions  for  Maximum  Power. 

The  immediate  result  of  self-induction  in  the  armature  of 
an  alternator,  or  anywhere  else  in  the  circuit,  is  a  reduction 
in  the  output.  The  machine  induces  a  greater  E.M.F.  than 
can  reach  the  part  of  the  circuit  where  the  power  is  required, 
and  consequently  we  require  a  larger  machine  than  would 
suffice  if  current  and  E.M.F.  were  in  the  same  phase.  The 
product  of  effective  pressure  and  effective  current,  which  we 
have  called  above  the  volt-ampere  output,  is  sometimes  called 
the  apparent  power,  and  the  ratio  between  the  apparent  and 
the  true  power  gives,  in  a  rough-and-ready  way,  an  indication 
as  to  the  extent  to  which  the  material  used  in  the  construction 
of  the  machine  is  usefully  employed.  Now,  a  large  amount  of 
self-induction  in  an  alternator  increases  its  weight  and  cost  per 
kilowatt  output,  though  it  need  not  necessarily  decrease  the 
mechanical  efficiency  of  the  machine.  The  question  which 
interests  us  for  the  moment  is  as  to  the  conditions  under 
which  a  given  E.M.F.  will  produce  a  maximum  of  power  in 
a  given  circuit  containing  a  certain  amount  of  self-induction 
either  in  the  armature  or  elsewhere.  Let  A  in  Fig.  143  be  an 
alternator,  L  a  part  of  the  circuit  having  self-induction,  and 
R  an  inductionless  resistance  in  which  it  is  desired  to  take  up 
the  maximum  possible  amount  of  power,  with  a  given  induced 
E.M.F.  in  the  armature  of  the  alternator.  What  value  must 
we  give  to  the  resistance,  R,  in  order  to  absorb  in  it  the 
largest  possible  number  of  watts.  Not  to  complicate  the 
problem  needlessly,  we  assume  that  neither  the  armature 
nor  any  other  part  of  the  circuit  except  R  has  resistance. 


AND    TRANSFORMERS. 


357 


If  we  had  to  do  with  a  continuous  current,  we  should 
get  the  more  power  the  more  we  reduced  the  resistance, 
R,  but  with  an  alternating  current  this  is  obviously  not 
the  case.  For  as  the  current  increases,  so  does  also 
the  E.M.F.  of  self-induction  in  the  coil,  L,  and  less 
E.M.F.  remains  available  for  supplying  power  to  R. 
On  the  other  hand,  if  we  increase  R,  the  current  will  be 
reduced,  and  less  of  its  E.M.F.  will  be  choked  back  by 
L,  so  that  more  E.M.F.  remains  available  for  R,  but  then 
the  current  is  also  smaller,  and  the  power  taken  up  may 
be  again  reduced.  It  is  evident  that  there  must  exist  one 
definite  value  for  the  resistance  of  R  at  which  the  power 
taken  up  is  a  maximum.  This  value  can  easily  be  deter- 
mined. Let,  in  Fig.  143,  o  eg  represent  the  E.M.F.  of 


FIG.  143. 

self-induction  corresponding  to  the  current  o  i,  and  let  o  e 
represent  the  E.M.F.  of  the  machine.  The  E.M.F.  available 
for  R  is  then  o  er  ,  and  the  problem  is  to  make  the  product 
of  i  with  er  a  maximum.  Now,  i  is  proportional  to  es  , 
and  hence  the  problem  may  also  be  stated  in  these  terms. 
Find  that  value  of  R  for  which  the  product  of  E.M.F. 
used  up  in  R  and  E.M.F.  required  for  L  becomes  a 
maximum.  The  product  es  x  er  is  given  by  the  area  of 
the  shaded  rectangle,  and  it  is  at  once  obvious  that  the  area 
will  be  greatest  when  the  rectangle  becomes  a  square,  that 
is  when  er  —  es  , 

and  when  the  angle  of  lag  is  45  deg. 

The    actual    resistance    of    R   is    now   found    by   applying 
formula  (66)  : 

R  i  =  2'jrn'L.i 
R  =  2  TT  n  L. 
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The   plant   efficiency  in   this   case  is  i/  *J2  =  71   per  cent. 
Application  to  Motors. 

Assume  that,  instead  of  a  resistance,  we  had  placed  at 
R  a  series-wound  dynamo  with  laminated  field  magnets. 
The  direction  of  rotation  of  such  a  machine  is  indepen- 
dent of  the  direction  of  the  current  flowing  through  it ; 
it  will  therefore  be  self-starting  even  when  supplied  with 
alternating  current.  This  machine  will  offer  a  threefold 
opposition  to  the  passage  of  the  current.  First,  by  virtue 
of  its  ohmic  resistance ;  secondly,  on  account  of  its  self- 
induction  ;  and  thirdly,  because  when  running  it  will 
produce  a  counter  E.M.F.  in  the  same  way  as  with  a 
continuous  current.  Suppose  the  field  magnets  to  be 
worked  at  a  low  degree  of  magnetisation  (few  series  turns), 
then  the  counter  E.M.F.  will  be  very  nearly  proportional 
to  the  current,  and  will  be  of  the  same  order  as  the 
E.M.F.  required  to  overcome  an  inductionless  resistance — 
that  is  to  say,  it  will  be  correctly  represented  by  the 
product  of  a  constant  into  the  current,  and  the  above 
investigation  becomes  at  once  applicable  to  this  case. 
Neglecting  the  ohmic  resistance  of  the  motor,  we  thus 
find  that  the  power  it  can  develop  will  be  a  maximum 
if  the  volts  required  to  overcome  its  self-induction  equal 
the  volts  required  to  overcome  its  counter  E.M.F.  As 
with  high  frequencies  the  E.M.F.  of  self-induction  of  such 
a  motor  is  very  much  greater  than  any  counter  E.M.F. 
that  could  be  developed  at  a  reasonable  speed,  it  will  be 
seen  that  a  low  frequency  is  essential  if  the  condition  of 
maximum  power  is  to  be  fulfilled  or  even  approached. 
The  above  consideration  is  of  importance  in  some  forms  of 
self-starting  single-phase  alternate-current  motors. 

Capacity. 

We  have  hitherto  assumed  that  the  armature  circuit  has 
only  resistance  and  self-induction.  The  case  was  certainly 
considered  in  the  last  section  of  a  second  E.M.F.  at  work  in 
the  circuit,  but  it  was  an  E.M.F.  directly  proportional  to  the 
current,  and  with  no  phase  displacement.  Such  an  E.M.F. 
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can,  however,  be  considered  as  the  product  of  current  strength 
and  a  non-inductive  resistance.  We  must  now  investigate  the 
case  in  which  the  armature  circuit  has  not  only  self-induction 
and  resistance,  but  electrostatic  capacity  also.  In  order  to 
carry  out  the  investigation  step  by  step,  we  will  first  of  all 
consider  that  an  alternating  source  of  E.M.F.,  having  neither 
resistance  nor  self-induction,  is  connected  to  the  coatings  of  a 
condenser,  whose  capacity  we  will  represent  by  K.  The  charge 
is  well  known  to  be  proportional  to  the  product  K  e.  If  the 
wave  of  E.M.F.  is  at  its  positive  maximum,  the  condenser  is 
fully  charged,  and  the  charging  current  therefore  zero.  When 
now  the  E.M.F.  begins  to  fall,  the  condenser  begins  to 
discharge  itself  —  that  is  to  say,  the  charging  current  has  a 
finite  and,  moreover,  negative  value,  although  the  pressure  is 
still  positive.  When  the  pressure  has  fallen  to  zero,  the 
discharge  current  is  at  its  maximum,  and  is  beginning  again 
to  diminish,  while  the  pressure  is  growing  to  its  negative 
maximum.  Clearly  the  current  leads  by  go  deg.  in  advance  of 
the  pressure.  Just  the  reverse  occurs  when  the  circuit  has 
self-induction  ;  in  that  case  the  current  lags  90  deg.  behind 
the  pressure.  This  converse  may  be  expressed  by  describing 
a  capacity  as  a  kind  of  negative  self-induction.  To  deter- 
mine the  relation  between  E.M.F.,  capacity,  and  current, 
we  may  proceed  as  follows. 

If  the  E.M.F.  increases  by  the  amount  de  in  the  time  dt, 
a  quantity  of  electricity,  dQ,  flows  into  the  condenser.  This 
quantity,  however,  is  i  dt.  We  have,  therefore,  as  an  equation 
for  the  instantaneous  value  of  the  current, 


-. 

dt 

—  is  simply  the  rate  of  change  of  the  E.M.F.  with  time, 
dt 

and  if  the  E.M.F.  follows  a  sine  law,  then 

-^  =  2  TT  -^-^  E  cos  a. 
dt 

When  a  is  o,  e  =  o,  and  the  capacity  current  has  its  maximum 
value, 

lk=  K27T~—   E. 
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For  other  values  of  a  the  instantaneous  value  of  the  current 
is  given  by  the  equation 

i=\k  cos  a. 

We  thus  see  that  the  capacity  current  also  follows  a  sine 
law,  and  its  effective  value  is  therefore 


If  we  put  w  for  2  TT  ^  —  ,  we  get 

Ik  =  K  a?  E, 
ik  =  K  o>  e, 

where  «  stands  for  the  effective  value  of  the  E.M.F. 

It  only  remains  to  bring  these  equations  into  conformity 
with  the  practical  system  of  units  (that  is,  we  want  e  in 
volts,  i  in  amperes,  and  K  in  microfarads).  If  a  volt  is 
applied  to  a  farad,  one  coulomb — that  is,  an  ampere-second— 
of  charge  flows  in.  Since  the  microfarad  is  io~6  farads,  we 
have  in  the  practical  units 

4  =  K  to  e  io-6 (68) 

For  example,  if  the  machine  is  connected  to  a  cable  io  km. 
long,  having  a  capacity  of  0*2  microfarad  per  kilometre, 
then  with  an  armature  voltage  of  6,000  volts  and  a  frequency 
of  50,  the  capacity  current  would  be 

2  x  6*28  x  50  x  6,000  x  icr6  =  377  amperes. 

The  machine  would,  therefore,  be  delivering  apparently 
22'6  kw.,  although  no  current  was  being  taken  from  the 
cable.  As  a  matter  of  fact,  however,  the  power  delivered  is 
nothing,  since  the  capacity  current  leads  in  advance  of  the 
pressure  by  go  deg. 

Effect  of  Self-induction  and  Capacity. 

The  example  just  given  shows  that  an  armature  may  be 
loaded  with  current  owing  to  capacity,  even  when  the  power 
given  out  is  nothing.  On  the  other  hand,  the  effect  of  self- 
induction  is,  broadly  speaking,  to  reduce  the  current  given 
out  by  the  armature,  since  the  E.M.F.  of  self-induction  cuts 
down  the  amplitude  of  the  current  wave. 
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It  is  to  be  expected  from  the  outset  that  the  opposing  effects 
of  these  two  properties  of  the  circuit  would  have  a  very 
marked  effect  on  the  dynamic  behaviour  of  the  machine,  and 
it  is  therefore  necessary  to  investigate  this  matter  somewhat 
more  closely.  We  will  assume  for  this  purpose  that  the 
armature  has  only  self-induction,  but  no  reaction.  As  a 
matter  of  fact  it  has  both,  and,  as  will  be  shown  in  the  next 
chapter,  both  properties  must  be  taken  into  account  in 
determining  the  working  conditions  of  the  machine.  If, 
however,  this  is  done,  one  may  with  sufficient  accuracy  for 
practical  purposes  regard  the  joint  effect  of  both  properties  as 


FIG.  144. 


that  due  to  a  simple  self-induction  of  rather  greater  magnitude 
than  the  real,  and  thus  neglect  the  magnetising  or  demag- 
netising effect  of  the  armature.  We  may  then  regard  the 
armature  as  the  source  of  an  alternating  E.M.F.  of  constant 
effective  value,  but  possessing  a  very  small  ohmic  resistance 
and  a  not  very  small  self-induction. 

We  will  first  consider  the  case  in  which  resistance,  self- 
induction,  and  capacity  are  all  in  series,  as  in  Fig.  144.  The 
vector  diagram  for  this  is  given  in  Fig.  145.  To  produce  the 
capacity  current  i  =  O  I  we  need  an  E.M.F.  as  given  by 
formula  (68)  : 

io6 


O  A  = 


K 
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To  overcome  the  resistance,  r,  we  need  an  E.M.F. 
O  F  =  r  i. 

If  the  circuit  had  no  self-induction,  the  necessary  impressed 
E.M.F.  would  be  the  vectorial  sum  of  these  two  components — 
that  is,  O  B.  In  order,  however,  to  drive  the  current  O  J 
through  the  self-induction  of  L  henrys  a  further  E.M.F.  is 
necessary  90  deg.  in  advance  of  the  current,  and  therefore  in 
the  position  O  D  in  the  vector  diagram.  The  total  E.M.F., 
therefore,  to  be  delivered  from  the  generator  is  the  vectorial 
sum  of  O  B  and  O  D  —  namely,  O  E.  It  will  be  seen 
that  O  E  is  smaller  than  either  of  its  components.  From 
formula  (63)  we  have 

O  D  =  L  eo  i. 

Since  O  E  F  is  a  right-angled  triangle, 


O  E  =  e  =    \/(O  F)*  +  (O  A  -  O  D)2, 

e  -  i  J  r-  +   (£*    -  Leo)'"     .     .     .     (69) 
SK  to 

We  may  regard  the  coefficient  of  i  as  a  resistance 


The  value  R  may  be  represented  graphically  as  the 
hypothenuse  of  a  right-angled  triangle,  the  length  of  whose 
two  sides  are  given  by  the  two  expressions  under  the  root  ; 
moreover,  the  three  sides  of  this  triangle  are  known  as 
follows: 

Resistance  :  r. 

Inductance:  fj!  .    -    Leo). 
\K  &) 

Impedance:  \J  r-  +(L        -    L  to]  • 
>K  ft) 

The  angle  between  resistance  and  impedance  gives  the 
phase  displacement.  If  the  capacity  is  zero  —  that  is,  if  the 
circuit  is  simply  broken  at  C,  R  =  oo  ,  and  the  current  is 
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zero.     If  the  capacity  is  oo  —  that  is,  there  is  a  short-circuit 
at  C  —  we  have 


R  =    Nr*  + 

and  the  current  has  a  finite  value. 

It  must  be  obvious  that  neither  L  nor  r  need  be  present  in 
the  armature  only,  but  may  be  distributed  throughout  the 
entire  circuit.  Generally,  in  practice,  the  greater  part  of  the 
resistance  is  in  the  external  circuit,  and  if  the  machine  is 
supplying  motors  or  arc  lamps,  a  considerable  portion  of  the 
self-induction  is  also  in  the  external  circuit.  We  will,  how- 
ever, now  consider  the  special  case  in  which  the  self-induction 
is  almost  exclusively  in  the  armature,  and  the  resistance  is 
very  small.  Such  a  case  occurs  when  the  insulation  of  a 
cable  is  being  tested  by  being  connected  to  an  alternator. 
We  will  assume  that  the  cable  referred  to  in  the  preceding 
section  was  intended  for  a  transmission  of  100  amperes  with 
an  ohmic  drop  of  300  volts.  Its  resistance  would  therefore 
be  3  ohms.  This  resistance  is  so  small  in  comparison  with 
the  inductance  that  we  can  neglect  it,  and  we  thus  have 
approximately 

T?         I0<3        T 
R  =  —    -   -  L  CD. 

K  (a 

This  formula  shows  us  that  there  is  a  certain  value  of 
o>  =  2  TT  """••^  for  which  the  impedance  vanishes,  and  con- 
sequently current  and  pressure  rise  to  a  very  high  value. 
This  occurs  when 

1,000 


The  natural  frequency  of  the  circuit  at  which  resonance 
occurs  is  consequently 

^  1,000 

~    27T    >/KL* 

At  this  frequency  the  self-induction  is  exactly  neutralised  by 
capacity,  and  the  circuit  behaves  as  if  it  had  only  the  ohmic 
resistance,  r.  In  order  that  we  may  clearly  see  the  danger 
accompanying  this  condition,  we  will  examine  what  would 
happen  if  the  above-mentioned  cable  test  were  being  carried 
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out  by  a  small  machine.  Suppose  the  machine  to  be  built  for 
10  amperes  at  6,000  volts  ;  the  self-induction  of  its  armature 
would  be  about  o'5  henry.  Since  the  10  km.  of  cable  have 
a  capacity  of  2  microfarads,  the  dangerous  frequency  will  be 


6*28    V2    X    O'5 

At  this  frequency  the  current  would  be  6,000  -=-  3  =  2,000 
amperes,  and  the  pressure  between  the  two  conductors  of  the 
cable  would  be  a  million  volts.  It  is  obvious  that  long  before 
this  point  could  be  reached,  the  cable  and  machine  would 
break  down.  But  frequencies  in  the  neighbourhood  of  160 
also  give  rise  to  dangerous  conditions,  as  the  following  table 
shows  : 

^•^   =      50  100  150  170 

i  =    4  16  i2'6  100  109 

Pressure  =    6,600         9,900         53,ooo         52,000 


FIG.  146. 

It  can  be  seen  from  these  figures  that  the  pressure  between 
the  two  conductors  of  the  cable  is  throughout  higher  than  the 
pressure  to  which  the  machine  is  excited  at  no  load,  and  in 
testing  the  cable  with  so  small  a  machine  it  will  be  advisable, 
therefore,  not  to  increase  the  frequency  above  50.  If  the 
self-induction  and  capacity  are  in  parallel  with  one  another, 
the  pressure  for  the  two  is  equal.  We  will  assume  that  the 
source  of  current  is  so  powerful  that  it  will  not  be  affected  by 
what  goes  on  in  the  two  external  circuits.  That  would  be  the 
case  if,  for  example,  we  drew  our  current  from  the  'bus  bars 
of  a  large  central  station.  In  Fig.  146,  S  S  are  the  'bus 
bars,  and  the  circuits  fed  from  them  are  a  b  and  c  d.  The  first 
contains  the  resistance  rlt  and  has  the  self-induction  L ;  the 
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second  has  the  resistance  rz,  and  the  capacity  K.     From  (69) 
we  find  for  the  circuit  a  b 


e  =  «,    s/r^  +  (L  to)* 
and  for  the  phase  difference 

tan  fa  =  ^. 

ri 
Similarly,  for  the  circuit  c  d, 


-<•</**(£ 


FIG.  147. 

Since  e  is  kept  constant  by  the  'bus  bars,  and  &>,  L,  K, 
rlt  and  7'2  are  all  known,  fa  and  fa  may  be  calculated.  Let 
O  E  =  e  (Fig.  147)  be  the  impressed  voltage,  then  the 
direction  of  the  current  vector,  O  Jj,  is  given  by  the  formula 
for  tan  fa.  In  the  same  way  the  direction  of  the  current 
vector,  O  J2,  is  given  by  fa.  The  magnitudes  of  the  currents 
'«\  and  *2  are  to  be  reckoned  from  the  above  formula.  The 
vectorial  sum  of  il  and  iz — that  is,  the  resultant  current  from 
the  'bus  bars — is 

i  =  OJ. 

O  W,  is  that  component  of  e  necessary  to  overcome  the 
ohmic  resistance  in  the  circuit  a  b,  and  E  W^  the  component 
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necessary  to  overcome  the  E.M.F.  of  self-induction.  Similarly, 
O  W2  is  the  resistance  component  or  watt  component  of  e  in 
the  circuit  c  d,  and  E  W2  the  wattless  component  which  the 
capacity  current  demands.  It  is  at  once  clear  that  the  points 
Wx  and  W2  lie  on  a  circle  whose  diameter  is  O  E. 

The  'bus  bars  deliver  the  current  *  at  the  pressure  e.  The 
phase  difference,  0  (in  this  case  a  lead),  is  clearly  less  than 
that  of  each  branch  circuit.  Now,  let  us  suppose  that  the 
circuit  a  b  includes  asynchronous  motors ;  then  1\  i^  would 
represent  the  power  of  these  motors,  and  co  L  *\  their  E.M.F. 
of  self-induction.  If  the  circuit  c  d  were  not  there,  the 


FIG.  148. 


generator  could  only  supply  the  power  at  a  phase  difference 
of  0j.  Owing,  however,  to  our  having  connected  the  con- 
denser to  the  circuit,  the  current  phase  is  shifted  forward,  and 
with  a  suitable  choice  of  capacity,  the  phase  displacement 
may  be  made  zero.  We  can  make  rz  so  small  as  to  be 
negligible.  Then  O  J2  will  be  horizontal,  and 

J2  =  e  <o  K  io-°. 
Now  if  we  choose  the  capacity  so  that 

J2  =  h  sin  0lf 
the  vector  of  i  coincides  with  the  vector  of  e,  and  we  have 
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eliminated  the  phase  displacement.  It  is  shown  further  on 
that  an  over  -  excited  synchronous  motor  behaves  like  a 
capacity,  and  consequently  by  connecting  up  such  a  motor, 
phase  displacement  may  be  avoided,  and  the  best  possible  use 
made  of  the  line  and  generator. 

Polyphase  Systems. 

The  above  results  are,  of  course,  applicable  also  to  two 
and  three  phase,  systems.  A  three-phase  system  may,  as 
was  shown  in  a  previous  chapter,  be  connected  up  in  mesh 


t  IG.  149. 

or  star  fashion  (compare  Figs.  119  and  120,  page  319).  A 
two-pole  armature  winding  for  three-phase  star  connection 
is  diagram matically  shown  in  Fig.  148,  and  for  mesh  con- 
nection in  Fig.  149. 

.  Since  with  star  connections  the  pressure  vector  between 
any  two  conductors  are  at  an  angle  of  120  deg.,  the  resulting 
pressure  (linked  pressure)  is  equal  to  the  product  of  twice 
the  phase  pressure  multiplied  by  cos  60  deg.  Similarly  with 
mesh  connections,  the  current  in  each  conductor  is  equal  to 
twice  the  current  in  each  phase  multiplied  by  cos  60  deg. 
If  we  indicate  the  phase  current  and  phase  pressure  by  i 
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and  e  respectively,  and   the  linked  values1  by  I  and  E,  then 
we  have  for 

Star  connections.  Mesh  connections. 

I    -*  -..  .............  I= 


The  power  is  clearly  for  each  kind  of  connection 
3  e  i  cos  <£  =    \/3  E  I  cos  <£. 

If  R  stands  for  the  resistance  of  each  line  wire,  and  r  for 
the  resistance  of  each  line  wire  in  a  direct-current  system 
which  transmits  the  same  power  to  the  same  distance,  the 
condition  for  an  equal  efficiency  of  the  transmission  line  is 
given  by 

3  I*  R  =  2  I0*  ^ 

where  I0  indicates  the  direct  current,  and  the  phase  displace- 
ment in  the  three-phase  system  is  zero.  If  the  transmission 
is  to  be  carried  out  in  both  cases  at  the  same  effective  pressure, 
then 

VjEI  =  I0E, 

I,,  -    ^  I, 
3  P  R  =  2   x  3  x   p  r, 

r  =  — 

2' 

The  cross-section  of  the  conductors  for  the  direct  current 
must  therefore  be  twice  as  great  as  those  for  the  three-phase. 
When  one  further  considers  that  the  three-phase  circuit  needs 
three,  and  the  direct-current  circuit  two,  conductors,  it  is 
obvious  that  the  weight  of  copper  in  the  two  cases  is  3  14. 
Transmission  by  three-phase  currents  at  equal  effective  pressure 
thus  only  requires  75  per  cent,  of  the  copper  which  would  be 
needed  for  a  direct-current  transmission.  For  equal  maximum 
pressures,  the  three-phase  circuit  would  need  150  per  cent.  — 
that  is,  50  per  cent.  more.  Since,  however,  such  high  pressures 

1  Throughout  the  remainder  of  this  translation  the  term  "  linked  pressure  "  is 
used  in  the  Continental  sense  to  denote  the  pressure  between  two  line  conductors 
of  polyphase  systems. 
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cannot  be  attained  with  direct  currents  as  with  three-phase 
currents,  a  comparison  of  the  maximum  pressure  of  a  three- 
phase  circuit  with  the  pressure  of  a  direct-current  circuit  of 
the  same  power  is  meaningless,  and  the  value  of  the  above 
investigation  only  consists  in  giving  us  a  simple  means  of 
calculating  the  conductors  for  a  three-phase  distribution  by 
reference  to  an  imaginary  direct-current  distribution.  The 
relation  0*75  :  i  was  obtained  on  the  assumption  that  the 
phase  displacement  was  zero.  This  is  approximately  the  case 
with  lighting  circuits,  but  not  with  circuits  feeding  motors. 
If  (f>  is  the  phase  displacement,  the  power  in  the  three-phase 
circuit  is  v73  I  E  cos  0,  and  the  relation  between  the  weights 

of  copper  will  be  — £5-  ;  i.     With  cos  <h  =  0*8,  therefore,  the 
cos-  <f> 

three-phase  circuit  would  become  17  per  cent,  heavier  than 
the  direct  current. 

If  p  is  the  percentage  of  wasted  power  referred  to  a  gene- 
rator output  of  P  kilowatts,  e  the  linked  pressure  in  a  three- 
phase  system,  and  I  the  simple  length  of  the  circuit  in  kilo- 
metres, the  cross-section,  q,  of  the  conductor  is  given  in 
square  millimetres  by 

i-8P/ 


For  a  single-phase  circuit  the  coefficient  is  not  r8  but 
3'6.  For  a  direct  current  it  is  also  3*6,  but  then  cos  0  is 
always  i.  In  obtaining  the  above  expression,  the  resistance 
of  55*5  m.  of  a  wire  of  i  square  millimetre  cross-section  is 
taken  to  be  i  ohm. 

The  Monocyclic  System. 

Steinmetz  has  patented  a  polyphase  system  under  this  name 
.which  may  be  regarded  as  having  arisen  from  a  single-phase 
system,  at  whose  electrical  middle  point  a  second  single-phase 
system  has  been,  so  to  speak,  superposed.  If  A  B  (Fig.  150) 
is  the  E.M.F.  vector  of  the  first  single-phase  system,  we  can 
consider  the  winding  to  be  divided  into  two  portions,  whose 
point  of  contact,  O,  is  the  electrical  middle  point  of  the 
system.  Now  wind  between  the  coils  A  and  B  a  second 

24 
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series  of  coils,  C,  with  90  deg.  phase  displacement,  generating 
an  E.M.F.,  of  which  O  C  may  be  the  vector.  If  we  connect 
the  coils  C  to  O,  we  get  an  armature  with  three  terminals, 
A,  B,  and  C.  From  A  B  we  can  take  an  ordinary  single- 
phase  current,  whereas  we  can  take  currents  from  the 
terminals  A  C  and  B  C,  which  are  displaced  in  phase.  If 
the  E.M.F.  of  the  auxiliary  phase,  O  C,  is  equal  to  J\  the 
E.M.F.  of  the  main  phase,  A  B,  an  ordinary  three-phase 
current  can  be  taken  from  the  machine.  The  monocyclic 
system  can  also  be  regarded  as  having  developed  from  a 
star-connected  three-phase  armature,  the  three  phases  of 
which  may  be  represented  by  the  dotted  lines,  O'  A,  O'  B, 
and  the  full  line,  O'  C ;  the  two  first  phase  windings  being 


FIG.  150. 

each  displaced  by  30  deg.  in  a  direction  toward  one  another 
so  that  they  coincide,  and  the  third  phase  winding  being 
given  ^/3  times  as  many  turns  as  each  of  the  other  two. 
The  monocyclic  system  is  then  particularly  advantageous  if 
the  machine  has  to  deliver  principally  lighting  current,  and 
power  current  to  only  a  subordinate  amount.  The  auxiliary 
phase,  O  C,  can  then  be  wound  with  thinner  wire,  the  main 
phase,  A  O  B,  having  thicker  wire,  being  fully  loaded.  At 
the  same  time,  if  the  machine  has  to  supply  power  current 
to  a  preponderating  degree,  it  would  be  more  efficiently 
employed  if  wound  with  an  ordinary  three-phase  winding. 
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CHAPTER   XVII. 

Armature  Reaction -Self-induction  in  the  Armature — 
Magnetisation  of  the  Field  by  the  Armature  Current — 
Predetermination  of  the  Pressure  Drop — Characteristic  on 
Short  Circuit — Conditions  of  Stable  Operation — Influence  of 
the  Steam  Engine  on  Parallel  Running — Surging  between 
Machines  in  Parallel. 

Armature  Reacton. 

It  was  shown  in  Chapter  XV.  that  the  E.M.F.  induced  in 
the  armature  may  be  estimated  from  the  details  of  design 
of  the  machine.  This  E.M.F.  may  also  be  measured  direct 
at  the  terminals  of  the  armature  when  it  is  delivering  only  a 
negligible  current.  If,  however,  the  armature  is  generating 
a  current  of  any  magnitude,  the  terminal  E.M.F.  is  no  longer 
of  the  same  value  as  that  induced  in  the  armature.  The 
difference  between  the  two  may  acquire  very  considerable 
proportions,  and  this  for  various  reasons.  The  most  obvious 
one  is  the  ohmic  resistance  of  the  armature  windings.  This 
occasions  a  drop  in  pressure  proportional  to  the  current 
strength,  its  vector  being  in  the  same  direction  as  the  current 
vector.  A  second  reason  is  the  self-induction  of  the  armature, 
and,  as  was  shown  in  the  preceding  chapter,  an  E.M.F.  must 
be  generated  to  overcome  the  self-induction  of  the  circuit, 
whose  vector  must  be  go  deg.  in  advance  of  the  current  vector, 
and  whose  magnitude  is  given  by  the  expression 

eM  =  w  L  i. 

e,<  is  therefore  to  be  considered  a  component  of  the  induced 
E.M.F.  A  third  reason  for  the  difference  between  the 
calculated  E.M.F.  and  the  terminal  P.D.  is  the  magnetising 
or  demagnetising  effect  of  the  armature  current  upon  the  field. 
A  superficial  consideration  might  lead  one  to  the  conclusion 

24* 
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that  the  armature  current  could  not  exert  any  such  effect, 
since  ii  is  an  alternating  current,  and  a  direct  current  is 
required  for  the  exciting  circuit.  This  conclusion  would  be 
false,  however.  It  is  certainly  true  that  a  second  exciting 
coil  placed  in  the  field  produced  by  the  exciting  current,  and 
supplied  with  an  alternating  current,  could  produce  no 
variation.  This  second  coil,  however,  would  keep  its  position 
relatively  to  the  poles  unchanged.  The  armature  windings 
are  such  coils;  they  do  not  remain  stationary,  however,  but 
alter  their  position  relatively  to  the  field  poles  at  a  rate 
exactly  corresponding  to  the  frequency.  During  the  time 
taken  by  the  current  to  change  its  direction  in  any  one  coil, 
the  coil  has  shifted  its  position  in  the  field  by  the  distance  a-. 
If,  therefore,  the  current  at  the  instant  the  coil  was  in  the  first 
position  exerted  a  magnetising  effect,  then  the  current  which 
is  in  force  in  the  second  position  exerts  a  similar  effect, 
although  its  direction  has  been  reversed.  What  occurs  in  one 
coil  is  naturally  repeated  in  every  other,  so  that  we  may  say 
that  the  armature  exerts  a  magnetic  effect  upon  the  field  when 
it  either  takes  or  delivers  current,  and  this  effect  consists  of 
pulsations  all  having  the  same  result.  These  pulsations  repeat 
themselves  ^^-  times  a  second,  and  follow  a  sine  law,  as  do 
the  armature  currents.  Whether  these  pulsations  weaken  or 
strengthen  the  field  flux,  depends  upon  the  position  of  the 
armature  in  relation  to  the  poles  at  the  instant  when  the 
current  wave  in  the  armature  is  at  its  maximum.  When  there 
is  no  phase  displacement  between  the  current  and  the  induced 
E.M.F.,  there  are  just  as  many  pulsations  exerting  an  effect 
assisting  the  exciting  current  as  there  are  opposing  it,  and  on 
the  whole  the  armature  exerts  neither  a  magnetising  nor  a 
demagnetising  effect  upon  the  field.  If,  however,  there  is  a 
phase  difference,  then  one  or  the  other  of  the  two  effects 
preponderates  according  to  the  sign  of  the  phase  displacement, 
and  the  armature  induced  E.M.F.  becomes  either  greater  or 
less  than  that  at  no  load.  For  brevity's  sake,  we  will  consider 
the  magnetising  effect'  of  the  armature,  in  whichever  sense  it 
may  be  directed,  as  being  due  to  back  ampere-turns.  If  we  call 
these  Xj,  and  the  excitation  due  to  the  direct  current  X,  then 
the  true  excitation  producing  the  field  is  X  -  X&,  where  we 
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consider  X&  as  positive  if  it  opposes  and  as  negative  if  it 
assists  the  direct-current  excitation.  The  joint  effect  of  these 
two  disturbing  influences — namely,  self-induction  and  back 
ampere-turns — may  be  summed  up  by  the  term  armature 
reaction. 

The  idea  now  presents  itself  that  armature  reaction  is  due 
solely  to  back  ampere-turns.  This  conception  is  variously 
represented  in  the  text-books  on  the  subject.  According  to 
them,  the  terminal  P.D.  may  be  considered  as  equal  to  an 
induced  E.M.F.  at  no  load,  corresponding  to  a  field  excitation 
X  -  X&  — that  is,  neglecting  the  armature  resistance.  This 
way  of  dealing  with  the  point  has  the  advantage  of  simplicity, 
with  the  drawback,  unfortunately,  of  being  inaccurate,  as  may 
readily  be  proved  by  a  simple  experiment.  Let  us  consider 
a  single-phase  generator  excited  to  about  a  quarter  of  its  field 
strength  and  short-circuited.  The  terminal  P.D.  is  then  o ; 
and  from  the  above  point  of  view  the  induced  E.M.F.  must 
also  be  very  nearly  zero — that  is,  only  so  far  removed  from 
zero  as  is  necessary  to  overcome  the  small  loss  due  to  ohmic 
resistance.  The  field  strength  must  consequently  also  be  very 
small,  and  X  -  X&  will  further  be  nearly  zero.  In  other 
words,  we  should  have  to  assume  that  the  demagnetising 
power  of  the  armature  is  very  nearly  equal  to  the  magnetising 
power  of  the  exciting  coil.  Now  let  us  imagine  this  experi- 
ment repeated  with  one  phase  of  a  two-phase  armature.  In 
the  short-circuited  phase  the  E.M.F.  is  nearly  zero;  and  if  the 
above  conception  is  correct,  the  field  strength  must  be  of  a 
vanishing  order.  On  these  assumptions  there  could  only  be 
a  very  small  E.M.F.  generated  in  the  second  phase  which  is 
open,  but  this  is  not  the  fact.  In  point  of  fact,  a  pressure 
is  generated  in  the  open  phase  whose  magnitude  is  roughly 
half  the  no-load  pressure  for  the  particular  excitation.  From 
.  this  we  conclude  that  the  short-circuit  current  exerts  a  demag- 
netising effect  very  materially  smaller  than  the  magnetising 
effect  of  the  exciting  coil,  and  that  quite  a  considerable  portion 
of  the  original  field  (that  which  would  be  produced  at  no 
load)  remains  unaffected.  The  fact  that  in  spite  of  this 
an  appreciable  E.M.F.  can  only  be  measured  in  the  open 
phase,  and  not  in  a  short-circuited  one,  is  simply  due  to  the 
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neutralisation   of    the    E.M.F.    in    the    short-circuited   phase 
by  the  E.M.F.  of  self-induction. 

We  have  to  discriminate  between  four  fields  in  the  machine. 
The  exciting  current  produces  two,  and  the  armature  current 
the  other  two.  Of  the  first  two,  one  is  composed  of  those 
lines  of  force  which  thread  the  exciting  coils,  but  not  the 
armature  coils.  This  is  simply  the  stray  field  of  the  magnet 
system  ;  it  may  be  calculated  in  the  way  shown  in  Chapter  X. 
The  second  field  due  to  the  exciting  coils  is  that  which  threads 
both  them  and  the  armature.  This  is  the  useful  field,  and  the 
no-load  E.M.F.  is  directly  proportional  thereto.  Each  arma- 
ture coil  generates  one  field,  which  is  linked  with  it  itself  alone, 
and  a  second  which  is  linked  with  it  and  the  exciting  coils. 
The  first  is  the  self-induced  field,  F*,  and  the  second  is  the 
back  field,  Fh.  If  R  is  the  magnetic  resistance  of  the  path  of 
the  useful  flux  which  threads  both  armature  and  exciting  coils, 


-. 

K 

The  calculation  of  the  back  turns,  X&  ,  is  given  in  the  next 
section  but  one  following. 

In  the  armature  core  and  in  the  air-space  there  really 
exists  a  field  which  may  be  regarded  as  the  vectorial  sum 
of  F  -  F&  and  F,  .  The  magnetic  requirements  of  the 
armature  core  are  therefore  proportional  to  an  E.M.F. 
whose  components  are  terminal  P.D.  and  ohmic  drop.  It  is 
important  to  bear  this  in  mind  when  calculating  the  iron 
losses. 

Self-induction  in  the  Armature. 

Suppose  the  armature  were  clamped  in  such  a  position 
that  one  coil-edge  comes  just  about  opposite  the  middle  of 
a  pole-face.  If  we  now  send  an  alternating  current  through 
the  coil,  it  will  generate  an  alternating  field  whose  path  will 
lie  left  and  right  from  the  coil-edge,  and  pass  through  the 
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air-space  between  the  pole  and  the  armature.  If  the  coil- 
edge  is  broad,  a  few  lines  will  also  pass  through  it  itself. 
One  wire  which  is  in  the  middle  of  the  coil-edge  is  linked 
with  all  the  lines  of  force  of  the  self-induced  field,  whereas 
wires  to  the  right  and  left  of  it  are  only  linked  with  a  smaller 
number  of  lines  corresponding  to  their  position.  The  self- 
induced  E.M.F.  is  therefore  greatest  in  the  middle  wire,  and  is 
correspondingly  smaller  in  each  of  the  others  according  to  its 
position.  Since  the  magnetic  resistance  of  the  iron  may  be 
neglected  in  comparison  with  that  of  the  air-gap,  the  self- 
induced  field  may  be  considered  to  be  inversely  proportional 
to  the  air-gap,  <5.  On  the  other  hand,  it  is  clearly  proportional 
to  the  volume  of  current  in  the  coil-edge  —  that  is,  to  the 
product  q  i.  We  may  therefore  say  that  the  self-induced  field 
is  proportional  to  the  expression 


Since  now  eg  is  proportional  to  this  flux,  and  the  induced 
E.M.F.  at  no  load,  e,  is  proportional  to  the  flux,  F,  the 
following  equation  holds  : 

e,  =  e  «,  11  .......   (70) 

Aa 

where  k«  is  a  factor  representing  the  above-mentioned  pro- 
portionality. Of  course,  this  factor  depends  upon  the 
constructional  details  of  the  machine;  for  example,  if 
the  pole  is  very  broad,  the  surface  right  and  left  of  the 
coil-edge  is  great,  and  the  field  F,  is  greater,  and  therefore 
kg  also  becomes  greater.  If  the  coil-edge  is  very  broad  (as 
in  a  smooth  winding  or  a  "creeping"  winding),  the  greater 
part  of  the  wires  are  linked  with  only  a  portion  of  the 
field  Fa,  and  the  E.M.F.  of  self-induction  of  the  coil-edge 
as  a  whole  is  less,  and  ks  consequently  less  also.  It  is  obvious, 
further,  that  ka  will  be  greater  for  a  concentrated  —  that  is,  a 
one-hole  —  winding  than  for  a  distributed  winding,  such,  for 
example,  as  a  two-hole  winding,  since,  in  the  latter,  not  only 
is  the  current  volume  in  each  hole  less,  but  the  cross-section  of 
the  path  afforded  for  the  leakage  field  is  reduced  owing  to  the 


376  DYNAMOS,    ALTERNATORS, 

distribution  of  the  windings  among  several  holes.  From  this 
point  of  view,  therefore,  it  is  undesirable  to  have  the  holes 
widely  spaced.  The  coefficient  k*  maybe  estimated  for  various 
values  of  P/er  and  S/er  and  various  hole  distributions  in  a 
similar  manner  to  that  adopted  for  the  estimation  of  k  in 
connection  with  the  induced  E.M.F.  at  no  load. 

The  values  thus  obtained  have  still  to  be  reduced  somewhat. 
For  one  thing,  we  have  assumed  the  armature  to  be  stationary, 
whereas  in  point  of  fact  it  moves.  The  coil-edge  consequently 
comes  opposite  the  pole  centre  only  twice  in  each  period.  In 
this  position  the  magnetic  reluctance  of  the  stray  field  path  is 
at  its  lowest  value,  and  the  stray  field  itself  at  its  maximum. 
When  the  coil-edge,  on  the  other  hand,  is  midway  between 
the  poles  the  stray  lines  pass  through  air  only,  externally  to 
the  armature,  and  the  stray  field  is  consequently  weaker. 
The  mean  value  of  the  self-induction  is  thus  of  necessity  less 
than  that  which  we  have  obtained  for  the  central  position  of 
the  coil-edge.  There  is  yet  a  further  correction.  If  the  poles 
are  massive,  the  original  assumption  that  the  leakage  path 
through  the  iron  has  a  negligible  reluctance  is  untenable. 
The  self-induced  field  sets  up  eddy  currents  in  the  solid  poles 
which  oppose  the  passage  of  the  leakage  field,  thus  lessening 
the  total  value  of  the  leakage  field  and  of  the  E.M.F.  of  self- 
induction. 

If  we  are  dealing  with  a  similar-pole  machine,  the  useful 
field  has  to  traverse  the  air-gap,  S,  between  armature  and  pole 
only  once,  instead  of  twice,  as  in  an  alternate-pole  machine, 
while  the  stray  field  of  self-induction  has  to  traverse  the 
gap  twice.  As  before,  therefore,  F«  is  proportional  to  q  t/2  S, 
while,  on  the  other  hand,  Fl  is  proportional  to  X«  /  S.  For 
double  machines,  therefore,  the  value  for  Xa  must  correspond  to 
a  single  air-gap  only.  Since 


F, 

it  follows  that  kg  is  independent  of  the  leakage,  *]. 

The  following  tables  give  values  of  ks  for  various  types  of 
machines  in  use. 
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TABLE   OF   VALUES   OF   THE   COEFFICIENT   kg  FOR  A  MACHINE  WITH 
SIMILAR  POLES,  LONG  COILS,  WITH  SIMPLE  HOLE  WINDING. 

a  =  Pitch.     P  =  Pole  Breadth.     77  =  Leakage  Katio. 


1% 

10 

15 

20 

25 

PI1 

0-78 

0-83 

0-88 

0-94 

ff        l-|              0-70 

0-75 

0-80 

0-88 

TABLE  OF  THE  COEFFICIENT  L-g  FOR  ALTERNATE  POLES  AND  LONG  COILS. 
ff  =  Pitch.     P  =  Pole  Breadth.     S  =  Coil  Breadth. 


Type  of  Winding. 

—          

• 

0          x: 

S 
cr 

1 

I 

*         t         i 

0 

1           * 

Hole  Spacing 
Pitch. 

0 

0 

0         *         i 

1 

TrD       TrD 

(T  T       3  ff  r 

P         II 

*        1  i 

0-3 
0-15 

0-66 
0-33 

0-82    0-92    0-76 
0'60    0-60    0-30 

1-16 
1-00 

0-3       0-73 
0-15      0-40 

Symbols  have  the  meaning  given  on  page  343. 

Magnetisation  of  the  Field  by  the  Armature  Current. 

The  magnetic  effect  of  the  armature  current  on  the  field  is 
clearly  dependent  upon  the  phase  displacement.  If  this  is 
zero,  the  current  reaches  its  maximum  in  one  coil-edge 
precisely  at  the  instant  at  which  the  coil-edge  is  opposite 
the  middle  of  a  pole.  During  the  following  quarter  period 
the  armature  current  exercises  a  demagnetising  effect  on  the 
field,  and  at  the  end  of  this  time  the  coil-edge  has  arrived 
at  a  position  exactly  central  between  two  poles,  and  the 
current  has  fallen  to  zero.  During  the  second  quarter  period 
the  current  is  increasing  in  the  opposite  direction,  producing 
a  magnetising  effect  on  the  field  until  the  coil-edge  arrives 
at  the  middle  of  the  next  pole;  thus,  if  <f>  =  o,  there  occur 
periods  of  equal  duration  during  which  the  armature  exerts 
a  magnetising  and  demagnetising  effect  alternately  upon  the 
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field,  and  the  net  result,  therefore,  is  that  the  field  is  not  at 
all  affected  by  the  armature  current.  If,  on  the  contrary, 
the  current  lags,  the  demagnetising  period  is  lengthened, 
the  magnetising  period  shortened,  and  the  net  result  is  a 
demagnetising  effect. 

The  reverse  occurs  when  the  current  leads.  The  field  of 
a  generator  is  therefore  weakened  by  a  lagging  armature 
current,  and  the  more  the  greater  the  phase  displacement. 
The  back  turns  acquire  their  maximum  value  when  0  =  90  deg. 

We  will  now  proceed  to  deal  with  this  case  numerically, 
taking  a  single-phase  one-hole  winding.  Counting  time  from 
central  position  of  the  hole,  we  have  in  Fig.  151 


t  u>  =  a. 


From  these 


V   —    2  (T  ^^. 


a 
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The  current  volume   in  the  hole  is  q  i  >/2  sin  a,   and   the 

(p\ 
y  +  _ )  to  the  right, 
2  / 

and    L  ( -    -  y)   to  the  left ;    the   total   area   is    L  P.     This 

\2  / 

is,  however,  the  value  for  the  area  traversed  by  the  useful 
field  also  ;  the  flux  to  the  right  is  counter  to,  and  that  to 
the  left  auxiliary  to,  the  useful  field,  which  therefore 
is  weakened  by  an  amount  proportional  to  2  y  L.  If  we 
indicate  by  R  the  magnetic  resistance  of  the  path  of  the  field 
linked  both  with  the  armature  and  field  coils,  we  may  express 
the  actually  operative  counter-field  by  the  equation 


qi 


'2  sin  a    2  y 

RT> 
r 
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where  the  first  equation  holds  for  those  values  of  a  corre- 
sponding for  values  of  y  between  o  and  P/2,  and  the  second 
equation  for  those  higher  values  of  a  which  obtain  when  the 
hole  has  gone  past  the  pole-edge.  Since,  according  to  our 
conception  of  a  magnetic  resistance,  the  instantaneous  value 
of  the  back  turns 

Xb  =  Ft  R, 

we  can  also  write  the  above  equation  in  the  form 

Xi  =  q  i  */2  sin  a  ~rr 
Xb  =  qi  \/2  sin  a. 

It  is  thus  clear  that  xb  —  that  is  to  say,  the  instantaneous 
value  of  the  back  turns — depends  upon  the  position  of  the 
hole  relatively  to  the  pole.  It  varies  regularly,  and  would 
produce  a  regularly  varying  back  field  if  there  were  not  a 
damping  effect  acting  upon  the  fluctuations.  Such  an  effect 
is  present  even  when  solid  masses  of  iron  have  been  avoided 
both  in  the  field  and  in  the  armature.  According  to  our 
conception  of  the  back  turns,  the  lines  of  force  produced  by 
them  must  be  linked  with  the  exciting  coil.  Since  the  latter 
has  a  high  self-induction,  the  back  field  can  only  vary  to  a 
perfectly  insignificant  degree,  and  we  may  therefore  neglect 
these  variations.  We  thus  have  to  replace  an  excitation 
varying  between  wide  limits  by  a  steady  excitation — that  is 
to  say,  one  produced  by  a  constant  direct  current.  This 
equivalent  excitation,  X&,  can  clearly  be  found  by  integrating 
the  impulse  Xb  with  reference  to  time,  and  dividing  the 
integral  by  the  total  time. 

X,  =  *  fxb  dt 


Since   a  and  /   are  proportional   to    one   another,   we    may 
also  write 

7T 

2   C 

X&  =  -  /    Xb  da, 
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where  for  the  sake  of  simplicity  we  have  only  carried  out 
the  integrations  over  an  angle  of  a  quarter  period,  which 
is  sufficient  in  our  case,  owing  to  the  exact  similarity  of 
all  the  quarter  periods. 

Since  y  =  "  <r 


7T 


X&  =  -        I      q  i  ^2  sin  a  —  T>  da   +    I      q  i  ^2  sin  a  da  \ 

In  this  expression 

=  TT  P  =  TT  m 

2    (7  2 

if  we  indicate  the  ratio  of  pole  breadth  to  pitch  by  m. 

IT  m  •* 

Xi  =  2  #  *  v  2         2__    I        a  sin  a  da  +   I          sin  a  da 
-TT         LTT  m  J  u  J  *  m  J 

Solution  of  the  integral  gives 

X&  =  — - — — — sin  m  - 

TT          m  2 

Xb  =  —57  sinm  ^  q  i. 
m  2 

T>      J..L-  L  O'^7        •  7T 

Putting  «t  =  — —  sin  m  — 

m  2 

we  have  X&  =  ki  q  i, 

where  (/  i  is,  of  course,  the  effective  current  volume  in  one 
coil-edge. 

It  must  be  carefully  noted  that  this  formula  holds  good  only 
on  the  assumption  that  0  =  7r/2.  The  back  turns  of  the 
armature  are,  under  these  conditions,  greatest,  and  produce  a 
weakening  effect  when  0  =  +  ?r/2  (when  the  current  lags),  and 
a  strengthening  effect  when  0=  -  w/2  (when  the  current 
leads).  For  smaller  values  of  <f>  the  effect  of  the  back  turns  is 
less,  and  vanishes  entirely  when  0  =  o.  We  will  for  the  time 
being  assume  that  the  effect  of  <p  may  be  represented  with 
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sufficient  accuracy  by  a  sine  function.     On  this  assumption  we 
have  the  general  relationship 


sn 


q  i, 


in  which  the  value  of  kb  depends  upon  the  number  of  phases. 
The  value  of  ki,  depends  also,  strictly  speaking,  upon  the 
method  of  winding,  since  it  cannot  be  immaterial  whether  we 
take  the  whole  current  volume  of  one  coil-edge  through  one 
hole,  as  we  have  assumed  above,  or  whether  we  spread  it  out 
more  or  less  in  several  holes.  An  exact  estimate  of  the  back 
turns  would,  however,  be  very  complicated,  and  would  have 
little  practical  value,  since  the  variation  in  pressure  due  to 
them  is  not  as  a  rule  very  great,  and  is,  indeed,  very  small  in 
machines  possessing  a  fairly  flat  characteristic. 

A  considerable  error  committed  in  the  estimation  of 
X6  will  produce,  therefore,  only  a  small  error  in  the  resulting 
determination  of  the  pressure  drop. 


FIG.  152. 

We  will  now  investigate  the  armature  reaction  of  a  three- 
phase  armature  with  a  "creeping"  bar  winding.  If  this 
winding  be  followed  out  graphically  it  will  be  found  that, 
owing  to  the  overlapping  of  the  phases,  the  curve  representing 
the  armature  ampere-turns  as  a  function  of  a  length  measured 
on  the  armature  circumference  approximates  very  closely  to  a 
*sine  wave,  and  that  the  amplitude  of  this  sine  wave  varies 
between  narrow  limits  in  dependence  upon  the  phase.  If  a 
phase  is  just  passing  through  zero,  the  amplitude  of  the  wave 
is  q  i  N/2  \/3  ;  if  a  phase  is  at  its  maximum  the  amplitude 
is  q  i  2  N/2.  The  mean  value  is  2-64  q  i.  The  base  of  the 
wave  is  equal  to  the  pitch,  and  is  given  in  the  figure  by  the 
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length,  r.  With  a  stationary  armature  this  wave  moves 
forwards  with  the  speed  of  the  field  poles,  but  with  a  rotating 
armature  it  remains  stationary  in  space.  The  position  of  the 
wave  relatively  to  a  pole  thus  remains  constant  in  each  case. 
If  0  =  go  deg.,  the  pole  centre  comes  (as  seen  in  Fig.  152) 
opposite  the  crest  of  the  wave,  and  the  demagnetising  effect 
of  the  armature  is  represented  by  the  mean  height  of  the 
shaded  area. 

We  thus  have  X,  =  — 

m  IT 

Area  =  —  2*64  q  i  I  sin  «  da 

7T  J  a 

where  we  represent  the  angle  corresponding  to  the  pole-edge 
A  by  <*!,  and  that  corresponding  to  the  pole-edge  B  by  a2- 
Since  cos  ax  =  cos  a.2,  we  have 

Area  =  —  2*64  q  i  2  cos  at. 

7T 

But  then  a'i  =  go  -  /3,  where  {3  is  that  angle  which  corre- 
sponds to  the  half  pole  breadth.     It  follows  that 

JT 

2 

Area  =  —  2*64  q  i  2  sin  m  — 

7T  2 

Xb  =  2'64  q  i  2  sin  m  - 
TT  m  2 

Y        i'68  q  i    •         IT 

Xb  =  ± —  sin  m  — 

m  2 

For  a  one-hole  single-phase  winding  we  had 

X&  =  °'57  9  i  sin  m  ?. 
m  2 

If  we  have  a  three-phase  one-hole  winding,  the  coefficient  is 
obviously  three  times  as  great. 

3  x  0-57  =  171. 
This  number  agrees  very  well  indeed  with  the  value  1*68  just 
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obtained  for  smooth  or  "  creeping  "  windings.  The  difference 
arises  from  the  fact  that  the  demagnetising  effect  is  more 
concentrated  in  hole  windings  than  in  creeping  windings,  and 
the  difference  is  further  so  small  that  it  may  be  overlooked 
from  a  practical  standpoint.  If  the  phase  displacement  is 
less  than  go  deg.,  the  pole  centre  no  longer  coincides  with  the 
crest  of  the  wave,  but  is  laterally  displaced  through  the  angle 

\fs    =    7T/2   -     0, 

as  is  seen  in  Fig.  153.  The  area  is,  as  before,  given  by  the 
expression 

a.2  +  if,  a^  +  t 

—  2-64  qi  I  sin  a  da  =  -  2*64  q  i  \     -  cos  « 

Ox   +  $  Oi   +  $ 

where  a^  and  a2  have  the  same  values  as  before. 


FIG.  153. 
The  quantity  between  the  brackets  is 

COS  ((*!  +  \l/)  -  COS  (a.2  +  ^js)=  COS  \js   X 

(cos  al  -  cos  a2)  sin  \]s  (sin  a:  -  sin  a2). 

Since  cos  ax  =  cos  a2  and  cos  \js  =  sin  0,  the  value  of  the 
expression  between  the  brackets  is  given  by 

2  cos  ax  sin  0, 
&nd  we  get 

Area  =  —  2*64  q  i  2  cos  a\  sin  0. 

7T 

This  expression  differs  from  the  previous  one  only  in  having 
sin  ^  introduced  as  a  factor.  Our  earlier  supposition,  that  the 
armature  back  turns  are  proportional  to  the  sine  of  the  phase 
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displacement,  is  therefore  perfectly  correct,  at  least  for  the 
three-phase  winding  with  which  we  are  now  dealing,  and  since, 
as  we  saw  above,  the  difference  between  the  coefficients  of 
X6  for  concentrated  or  distributed  windings  is  very  insignifi- 
cant, we  may  take  it  that  in  all  cases  the  armature  back 
turns  may,  with  sufficient  accuracy  for  practical  purposes, 
be  regarded  as  proportional  to  the  sine  of  the  phase  dis- 
placement. We  thus  have  generally 

Xb  =  kb  q  i  sin  <J> (71) 

kb  _  „  2^Z  sin  «z  .     .     .     .     (?2) 

m  2 

Here  «  =  the  number  of  phases. 

Predetermination  of  the  Pressure  Drop. 

We  have  dealt  in  detail  in  the  two  preceding  sections  with 
the  effect  of  self-induction  in  the  armature,  and  the  demag- 
netising effect  of  the  armature  current.  In  actual  fact, 
however,  these  two  effects  occur  simultaneously,  and  with 
the  result  that  when  the  machine  is  loaded,  the  terminal 
pressure  has  a  value  different  from  that  induced  in  the 
armature  at  no  load  by  the  same  excitation.  We  will  now 
pass  on  to  the  determination  of  the  terminal  pressure  under 
load  from  a  consideration  of  the  electrical  data. 

In  Fig.  154  let  O  Ea  be  the  characteristic  of  the  machine, 
so  that  O  A  is  the  excitation  necessary  to  induce  in  the 
armature  the  E.M.F.,  A  E,,,  at  no  load.  We  set  back  the 
back  ampere-turns  calculated  by  (71)  to  the  left  from  A  when 
0  is  positive  (current  in  the  generator  lagging).  Let  this  be 
the  distance  A  B.  For  0  =  Tr/2  let  the  length  be  A  C.  The 
terminal  pressure  would  therefore  be  less  than  the  no-load 
pressure,  A  Ea,  by  an  amount  Ea  F  or  Ea  D  according  to  the 
value  of  0,  if  the  armature  had  neither  ohmic  resistance  nor 
self-induction. 

The  back  ampere-turns  of  the  armature  are,  as  a  rule,  small 
in  comparison  with  the  field  excitation,  and  the  piece  of  the 
curve  E"a  E'0  Ea  does  not  therefore  differ  much  from  a  straight 
line,  and  we  shall  not  be  much  in  error  by  writing 

B  A         Ea  F 
C  A  ==    E«  D' 
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If  we  call  E0  the  pressure  drop  for  0 
then 

BA 


go,  so  that  Eff  =  Ea  D, 


F  -  Efl 


C  A 


E«  F 


The   terminal   pressure   will,   with  the  above  assumptions, 


then  be 


-  E,,  sin 


This  equation  may  be  represented  graphically.  In  Fig.  155, 
O  i  is  the  current  vector  and  O  E  the  E.M.F.  vector.  Now. 
by  drawing  E  G  at  right  angles  to  O  i,  making  E  G  equal 
to  TLfft  and  dropping  from  G  a  perpendicular  upon  O  E,  we 
get  (if  we  assume  that  the  armature  has  no  self-induction) 
at  the  point  K  the  desired  terminal  pressure,  for  E  K  is 
clearly  simply  E,?  sin  0. 


FIG 


For  the  same  armature  current,  *,  E,,  is  obviously  constant, 
and  the  vector  of  the  terminal  pressure,  O  K,  can  be  found 
for  various  phase  displacements,  <£,  in  the  manner  just 
described.  It  should  be  noted  that  E,,  is  always  small  in 
comparison  with  E«, 

If  the  construction  is  carried  out  for  various  values  of  0, 
the  points  K  will  be  found  to  lie  nearly  on  a  circle  whose 
radius  is  O  E,  and  whose  centre  lies  to  the  left  of  O  by  the 
distance  E,g.  In  Fig.  156,  K'  corresponds  to  the  point  K 
in  Fig.  155. 

Hitherto  we  have  assumed  that  the  machine  has  no  losses, 
and  that  there  is  no  leakage  field.  We  will  now  dismiss  these 

25 
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assumptions,  and  take  both  the  losses  and  the  leakage  field 
into  consideration.  The  actual  terminal  pressure  must  clearly 
be  the  resultant  of  three  components — viz.,  O  K'  in  Fig.  156, 
the  E.M.F.  of  self-induction,  E«(  and  an  E.M.F.,  Ew — corre- 
sponding to  the  losses  the  magnitude  of  which  we  determine 
by  making  i  w  represent  the  losses  (ohmic  and  eddy  current) 
occurring  in  one  phase.  E«  must  clearly  be  at  right  angles  to 
the  current  vector,  and  Ew  parallel  to  it ;  E«  can  be  approxi- 
mately calculated  from  the  drawing  of  the  machine  and  the 
current  strength,  i.  Es  and  Ew  are  both  proportional  to  the 


FIG.  156. 


current  strength  ;  to  get  the  actual  terminal  pressure  we  make 
K'S  =  E,  and  S  K  =  Ew,  as  in  Fig.  156.  O  K  is  then  the 
terminal  pressure  when  loaded  with  the  current  i,  there  being 
a  phase  displacement  ^  in  the  external  circuit. 

It  follows  at  once  from  the  construction  just  described  that 
for  the  same  current  load,  but  with  various  phase  angles  ^, 
all  the  points  K  must  lie  on  a  circle  whose  radius  is  Ea ,  and 
whose  centre  is  displaced  relatively  to  O'  by  the  same  amount 
and  in  the  same  direction  as  K  is  displaced  with  regard  to  K'. 
By  this  consideration  we  arrive  at  a  very  simple  construction 
for  the  determination  of  the  terminal  pressure,  and  consequently 
of  the  pressure  drop. 
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With  a  radius  equal  to  the  E.M.F.  at  no  load  draw  a  circle 
O  and  a  second  circle  o,  where 

OS  =  Eff  +  E,  and  So  =  Ew. 

This  is  done  in  Fig.  157. 

Eg  will,  as  explained  above,  be  calculated  from  the  static 
characteristic,  and  Es  from  the  drawing  of  the  machine. 
Ew  cannot  be  calculated  exactly  because  eddy  currents  are 
included  in  it,  which  may  be,  at  the  most,  estimated,  but  not 
precisely  determined.  With  good  modern  machines  we  shall 


not,  however,  go  far  wrong  in  assuming  the  eddy-current 
losses  to  be  equal  to  the  ohmic  loss  in  the  armature  wires. 
Further,  E«,  is  so  small  in  comparison  with  Ea  (3  to  5  per 
cent.)  that  an  error  in  the  estimation  of  E,r  will  not  produce 
a  large  discrepancy.  Having  fixed  the  position  of  o  in  this 
way,  the  circle  for  K  may  be  drawn,  and  the  terminal^pressure 
be  found  for  each  phase  angle  <£  for  the  current  for  which 
E,,,  E8,  and  Ew  were  determined.  If  the  current  be  changed, 
the  point  o  must,  of  course,  be  redetermined  for  each  value 
taken.  For  small  variations,  and  especially  for  values  of 
Ea  which  lie  below  the  knee  of  the  characteristic,  O  o  may, 
without  much  error,  be  taken  as  proportional  to  the  current. 

The  diagram  further  shows  what  effect  the  phase  displace- 
ment has  on  the  terminal  pressure.  For  a  positive  value  of  0 
we  have  the  pressure  drop  E  K,  which  reaches  its  maximum 

25* 


388  DYNAMOS,     ALTERNATORS, 

with  a  purely  inductive  load — say,  with  motors  running  light. 
The  drop  is  then  Ev  +  E,,  With  a  purely  non-inductive 
resistance  load  0  is  zero,  and  the  pressure  drop  materially 
less. 

With  a  negative  angle,  fa — that  is  to  say,  with  a  leading 
current  produced  by  a  capacity  or  over-excited  synchronous 
motors  in  the  external  circuit — we  have  a  terminal  pressure 
O  KX — that  is  to  say,  not  a  pressure  drop,  but  an  increase  of 
pressure  by  the  amount  Ej  Kr 

Short  Circuit  Characteristic. 

It  has  already  been  pointed  out  that  for  values  of  Ea  which 
come  below  the  knee  of  the  curve — that  is,  for  a  weak 
excitation  —  the  piece  O  o  is  proportional  to  the  current. 
As  the  current  load  increases,  therefore,  o  moves  along  Oo 
produced  to  the  left,  and  O  K  gets  less  and  less.  At  short- 
circuit  O  K  is  zero,  and  the  length  O  o  is  a  measure  of  the 
short-circuit  current.  In  this  way  we  can,  by  measuring  the 
short-circuit  current  with  a  weak  excitation,  find  the  position 
of  the  point  o  for  every  current.  This  experiment  renders  the 
previous  calculation  of  the  values  E^  and  E«  superfluous,  or  it 
may  be  employed  to  check  their  accuracy.  Finally,  another 
method  of  calculating  the  short-circuit  current,  not  merely  for 
low  excitations,  but  for  every  excitation,  may  be  given  here. 

We  have  seen  that  X\  =  Xa  sin  0  ampere-turns  must  be 
deducted  from  the  total  excitation,  X,  to  obtain  the  value  of 
that  excitation  which  is  employed  in  driving  the  magnetic 
flux  through  the  armature.  On  short-circuit  (p  is  nearly 
90  deg..  and  X-Xn  therefore  the  actual  excitation  of  the  field 
magnets,  which  induces  an  E.M.F.  just  sufficient  to  neutralise 
the  E.M.F.  of  self-induction  E,  and  to  provide  the  E.M.F 
Ew  corresponding  to  the  losses.  Since  E,w  is  very  small  in 
comparison  with  E«  ,  and  is  at  right  angles  to  it,  Ew  may  be 
neglected  without  much  error,  and  we  may  assume  that  the 
E.M.F.  corresponding  to  the  actual  excitation  is  exactly  equal 
to  E  .  Now  at  a  constant  frequency  E*  =  S  i,  where  S  is  a 
coefficient  which  may  be  approximately  calculated  from  the 
drawing  of  the  machine,  and  the  degree  of  saturation.  In 
general,  S  is  greater  the  less  saturated  the  iron — i.e.,  the  lower 
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the  working  position  of  the  machine  comes  on  the  static 
characteristic.  Since,  however,  the  magnetic  reluctance  of  the 
air  in  the  path  of  the  stray  field  preponderates,  the  diminution 
in  S  due  to  increased  saturation  of  the  iron  is  not  of  much 
importance.  We  will  therefore  first  calculate  S  for  a  satura- 
tion such  as  we  should  expect  on  short-circuit.  An  exact 
estimation  of  this  degree  of  saturation  is  unnecessary.  Now, 
in  Fig.  158, 

E,  =  S  i, 

Eg  =  Xa  tan  a, 


Xa  =  kb  q  i, 

E«  =  ki  q  i  tan  a. 


It  thus  follows  that 


tan  a  = 


If,  therefore,  we  draw  a  straight  line  in  Fig.  158  from  the 
point  A,  corresponding  to  the  field  excitation,  X,  at  an  angle  a, 
the  point  of  intersection  of  this  with  the  static  characteristic, 
Eg  ,  gives  at  once  the  working  conditions  of  the  machine  on 
short-circuit.  In  this  case 

A  C  =  Xa  and  Es  =  S  i. 
We  thus  obtain  the  short-circuit  current 


Since  we  could  only  roughly  estimate  the  degree  of  satura- 
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tion  at  the  beginning,  it  is  possible  that  Eg  does  not  fall  in 
the  region  corresponding  to  that  saturation.  In  this  case  S 
must  be  calculated  again,  and  the  construction  repeated. 

For  low  excitations  the  characteristic  is  fairly  rectilinear, 
and  S  may  be  taken  as  constant  on  account  of  the  low  magnetic 
resistance  of  the  iron. 

For  various  values  of  X,  the  length  C  Eg  is  proportional  to 
the  length  O  A.  This  means  that  E«  is  proportional  to  X, 
and  consequently  i  is  proportional  to  the  excitation.  If, 
therefore,  we  draw  a  curve  whose  abscissae  represent  exciting 
current,  and  whose  ordinates  short-circuit  current,  the  theory 
here  developed  states  that  this  characteristic  must  follow 
a  straight  line  law  for  moderate  values  of  the  excitation.  In 
point  of  fact  this  is  the  case. 

Two  Alternators  Working  on  the  same  Circuit. 

The  length  O  S  in  Fig.  157  corresponds  to  the  joint  effect 
of  self-induction  and  back  ampere-turns.  In  order  to 
determine  it,  both  of  the  disturbing  influences  must  be  taken 
into  account.  If,  however,  we  have  already  found  it,  we  may 
assume  for  these  conditions  of  working,  and  approximately  also 
for  every  other  working  condition,  that  this  distance  only 
represents  the  E.M.F.  of  self-induction.  We  may  picture  to 
ourselves  the  actual  machine  replaced  by  an  imaginary  one 
which  has  self-induction  only,  and  no  back  ampere-turns. 
The  self-induction  of  this  imaginary  machine  must  clearly  be 
greater  than  that  of  the  actual  machine  by  an  amount 
necessary  to  cover  the  effect  of  the  back  ampere-turns.  For 
example,  if  we  have  determined  by  the  construction  shown  in 
Fig.  158  what  the  short-circuit  current,  i0 ,  will  be  for  an 
excitation  corresponding  to  the  induced  E.M.F.,  Ea,  the 
coefficient  of  self-induction,  L,  can  be  calculated  for  the 
imaginary  machine  from  the  equation 

w  L  »0  =  £„ . 

If  the  characteristic  were  a  straight  line,  the  imaginary 
machine  would  behave  exactly  as  the  actual  one  does,  and  in 
the  treatment  of  problems  relating  to  the  operation  of  several 
machines  on  the  same  circuit,  no  error  would  be  involved  in 
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the  introduction  of  the  idea  of  this  ideal  machine.  If,  however, 
the  characteristic  is  curved,  an  error  arises  owing  to  the  fact 
that  Ep  is  not  exactly  proportional  to  the  back  ampere-turns. 
The  error  is,  nevertheless,  small,  and  we  can  afford  to  overlook 
it,  since  the  conception  of  this  ideal  machine  very  materially 
facilitates  the  solution  of  many  alternating-current  problems. 

The  question  of  the  behaviour  of  alternators  when  two 
or  more  are  working  on  the  same  circuit  is  one  of  great 
importance  not  only  in  central-station  work,  but  also  in 
transmission  of  power.  First,  as  regards  central  stations. 
There  can  be  no  doubt  that,  for  economical  working,  it  is 
necessary  to  reduce  or  increase  the  amount  of  plant  in  action 
at  any  time  so  as  to  correspond  as  nearly  as  possible  to  the 
demand  for  current  at  that  time.  If  the  station  contained 
only  two  large  alternators  each  capable  of  carrying  the 
maximum  load,  we  should  not  only  have  a  needlessly  large 
percentage  of  spare  plant,  but  we  should  be  working  the 
machinery  at  a  very  low  average  output,  and  consequently 
at  low  efficiency.  To  avoid  these  defects  we  must  instal  a 
reasonable  number  of  smaller  machines,  and  in  order  to  avoid 
complication  in  the  switch  gear,  it  is  desirable  that  these 
machines  should  be  capable  of  working  together  on  the  same 
external  circuit. 

As  regards  transmission  of  power,  it  is,  of  course,  essential 
that  the  two  alternators  —  namely,  the  generator  and  the 
motor — should  be  coupled  to  the  same  circuit.  To  facilitate 
the  investigation,  we  start  with  the  assumption  that  one  of 
the  two  coupled  machines  is  so  large,  and  has  so  little  self- 
induction  and  resistance,  that  its  working  condition  shall  not 
be  altered  whatever  changes  may  take  place  in  the  circuit,  or 
however  much  the  working  condition  of  the  other  machine 
may  change.  This  condition  of  things  would  very  nearly 
obtain  in  a  central  station  where  a  large  number  of  machines 
is  working  on  to  the  same  pair  of  omnibus  bars,  and  one  small 
machine  has  to  be  added  or  withdrawn.  In  this  case  the 
change  will  scarcely  affect  the  group  of  machines,  and  we 
may  assume  that  the  voltage  on  the  omnibus  bars  remains 
the  same  whatever  may  be  the  current  given  to  or  taken  from 
them  by  the  small  machine. 
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We  have  then  to  consider  the  following  combination  :  A 
large  machine  without  resistance  and  without  self-induction 
supplying  a  large  amount  of  power  to  an  external  circuit,  and 
also  Coupled  to  a  small  machine  having  resistance  and  self- 
induction,  both  machines  running  with  the  same  frequency, 
and  having  the  same  terminal  pressure.  Various  problems 
present  themselves  in  practical  work  with  machines  so  coupled, 
and  amongst  these  one  of  the  most  important  is  the  following : 
Let  the  small  machine  be  supplied  with  mechanical  power  by 
its  own  engine,  and  determine  the  working  conditions  under 
which  it  will  give  a  definite  electric  output  with  the  highest 
possible  plant  efficiency.  This  problem  may  also  be  stated  in 
another  way — namely,  how  must  a  number  of  alternators  in  a 
central  station  be  worked  in  order  that,  when  coupled  to  the 
omnibus  bars,  each  may  give,  not  only  the  same  current,  but 
also  the  same  power. 

Since  the  losses  in  the  machine  can  only  be  comparatively 
small,  any  variation  in  the  working  condition  cannot  alter  the 
total  efficiency  very  much,  and  consequently  the  conditions  of 
equal  output  between  the  different  machines  will  approximately 
be  attained  if  we  take  care  to  have  the  brake  power  of  the 
engines  as  near  as  possible  alike.  If  the  engines  are  fitted 
with  sensitive  governors  of  the  usual  type — namely,  arranged 
to  keep  the  speed  constant — this  condition  would  not  be 
fulfilled,  because  the  speed  is  already  controlled  by  the 
frequency,  and  must  be  the  same  for  all  the  engines. 
Suppose,  however,  that  the  governor  is  so  adjusted  that  it 
shall  not  come  into  action  at  the  normal  speed,  but  merely 
in  the  event  of  the  engine  racing,  then  the  power  supplied  by 
the  engine  per  revolution  will  only  depend  on  the  steam 
pressure  and  the  cut-off,  and  may  be  considered  to  be  con- 
stant. As  the  speed  is  fixed,  the  total  power  put  into  the 
alternator  will  therefore  be  constant,  and  its  electric  output 
will  be  approximately  constant.  The  condition  of  constant 
output  can  thus  be  very  nearly  attained  by  running  the  engine 
without  a  governor  and  with  a  fixed  cut-off.  Should  it  be 
necessary  to  vary  the  power,  this  may  be  done  by  a  governor 
regulating  the  pressure  in  the  main  steam-pipe,  the  regulation 
affecting  all  the  engines  simultaneously. 
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After  this  digression  into  the  engine  part  of  the  problem  let 
us  go  back  to  the  electrical  part,  as  stated  above.  We  have 
there  an  alternator  whose  armature  is  impelled  by  a  constant 
torque,  and  the  problem  is  to  find  the  relations  between  the 
output,  current,  lag,  and  exciting  power.  A  convenient  way  of 
stating  the  excitation  is  to  state  the  voltage  which  the  machine 
would  give  on  open  circuit.  We  may  therefore  substitute  for 
the  term  "strength  of  field"  the  term  "armature  voltage," 
and  the  problem  may  now  be  stated  in  these  terms :  Given  a 
definite  driving  power  and  omnibus  or  terminal  voltage,  how 
does  the  current  and  lag  depend  on  the  armature  voltage  ? 
Not  to  complicate  the  problem  too  much,  we  neglect  at  first 
armature  reaction.  It  will  be  shown  later  on  to  what  extent 
the  armature  current  adds  to  or  detracts  from  the  field  exciting 
current,  and  it  is  thus  an  easy  matter  to  correct  the  excitation 
corresponding  to  the  assumed  armature  voltage  when  current 
and  lag  are  known. 

Let,  in  the  clock  diagram  (Fig.  159),  the  inner  circle  repre- 
sent the  terminal  or  omnibus  voltage,  and  the  outer  circle  the 
armature  voltage,  and  let  the  current  line  be  drawn  to  the  left 
from  O.  The  loss  by  ohmic  resistance  for  any  given  current 
can  be  calculated  and  marked  off  on  the  current  line.  We 
thus  get  point  A.  The  E.M.F.  of  self-induction  acts  down- 
wards, and  must  be  balanced  by  an  E.M.F.  acting  upwards. 
Let  this  be  O  C.  To  drive  the  current  through  the  armature 
we  must  therefore  have  the  E.M.F.  O  B,  which  is  the 
resultant  of  O  A  and  O  C.  It  should  be  noted  that  whatever 
may  be  the  current,  the  resultant  E.M.F.  must  lie  along  the 
line  O  B,  the  direction  of  which  depends  only  on  self-induction 
and  resistance,  but  not  on  any  other  quantity.  It  is  also 
important  to  note  that  the  length  of  the  lines  O  A,  OB, 
and  O  C  are  proportional  to  the  strength  of  the  current, 
and  that  we  may  therefore  take  any  of  these  lines — say,  for 
instance,  O  C — to  represent  the  current  to  a  suitable  scale. 

To  get  the  current  O  C  through  the  armature  we  must 
have  the  resultant  E.M.F.,  O  B  ;  and  this  may  also  be  con- 
sidered the  resultant  of  the  omnibus  and  armature  E.M.F's. 
We  have  now  simply  to  find  the  position  of  a  parallelogram 
of  forces  of  which  O  B  is  the  resultant. 
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Two  such  parallelograms  are  possible,  and  only  two.  In 
one  of  these  the  armature  E.M.F.  lies  to  the  right  of  the 
vertical,  which  means  that  the  armature  current  flows  in 
opposition  to  the  armature  E.M.F.,  and  must  therefore  give 
power  to  the  machine.  With  this  parallelogram,  which 
corresponds  to  the  machine  when  working  as  a  motor,  we 
shall  not  deal  at  present.  The  other  possible  parallelogram 
shows  the  action  of  the  machine  when  working  as  a  generator, 


FIG.  159. 


and  is  drawn  in  the  diagram.  The  armature  E.M.F.  is  repre- 
sented by  the  line  O  Ea,  and  the  omnibus  E.M.F.  by  the  line 
O  E<  ,  which  is,  of  course,  equal  and  opposite  to  the  E.M.F.  at 
the  armature  terminals.  The  angle  of  lag  is  0,  and  the  power 
put  into  the  machine  (including  loss  by  resistance,  but  irrespec- 
tive of  frictional,  hysteresis,  and  eddy-current  losses)  is  found 
by  multiplying  the  current  with  the  armature  E.M.F.,  and 
with  the  cosine  of  <f>.  In  other  words,  we  must  project  Ert  on 
to  the  current  line,  which  gives  the  point  F,  and  multiply 
O  F  with  the  current.  It  is,  of  course,  supposed  that  the 
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effective  values,  and  not  the  maximum  values,  of  current  and 
E.M.F.  are  plotted. 

The  multiplication  may  be  done  graphically.  It  was  shown 
above  that  O  C  may  to  a  suitable  scale  represent  the  current, 
consequently  the  area  of  the  rectangle  O  C  D  F  represents  the 
power  put  into  the  machine. 

In  the  same  way  the  area  of  the  rectangle  O  C  H  G  repre- 
sents the  power  obtained  from  the  machine,  and  the  area  of 
the  rectangle  O  C  B  A  represents  the  power  wasted  in  arma- 


FIG.  160. 

ture  resistance.  Since  the  power  put  in  is  a  constant,  the 
product  of  D  C  and  D  F  must  be  constant,  and  the  point  D 
must  lie  on  a  rectangular  hyperbola  as  shown.  It  is  now  easy 
to  draw  the  diagram  for  other  working  conditions.  Say,  for, 
instance,  we  wish  to  have  a  larger  armature  current.  The 
point  B  will  then  be  shifted  higher  up  on  the  line  of  resultant 
E.M.F.  In  Fig.  160  this  line  and  the  hyperbola  are  repro- 
duced from  Fig.  159.  The  problem  is  to  find  what  armature 
E.M.F.  will  be  required  in  order  to  increase  the  armature 
current  to  the  desired  extent.  Say  O  C  represents  the  current 
selected.  Draw  a  horizontal  till  it  meets  the  line  of  resultant 
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E.M.F.  at  B  and  the  hyperbola  at  D.  The  end  of  the  radius, 
representing  armature  E.M.F.,  must  be  somewhere  on  the 
vertical  through  D,  the  point  F  being  its  projection  on  the 
horizontal,  as  before.  To  find  the  point  Ea,  intersect  the  line 
D  F  with  an  arc  drawn  from  B  as  a  centre  with  a  radius 
equal  to  the  terminal  E.M.F.  The  armature  E.M.F.  is  now 
O  E«,  and  is  much  smaller  than  before. 

The  mechanical  power  absorbed  by  the  machine  is,  of  course, 


FIG.  161. 

the  same  as  before,  but  the  power  delivered  is  much  smaller, 
whilst  that  wasted  in  armature  resistance  is  much  larger. 

To  reduce  the  waste  power  to  a  minimum  it  is,  of  course, 
necessary  to  excite  the  machine  to  such  a  degree  that  with  the 
same  amount  of  power  absorbed  the  armature  current  shall  be 
a  minimum.  That  is  to  say,  the  point  D  should  come  down 
on  the  hyperbola,  and  B  on  the  line  of  resultant  E.M.F.  as  far 
as  possible. 

Now,  the  lowest  possible  position  of  B  will  be  reached  when 
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B  Ea  becomes  horizontal.  If  we  choose  B  still  lower,  the 
radius  of  terminal  E.M.F.  will  not  reach  the  vertical  through 
D,  and  this  shows  that  the  machine  cannot  possibly  absorb 
the  power  when  giving  so  small  a  current.  In  Fig.  161  the 
point  B  is  found  by  drawing  from  K  a  line  parallel  to  the  line 


FIG.  162. 

of  resultant  E.M.F.  This  gives  the  armature  E.M.F.,  O  Ea, 
the  points  Ea  and  D,  of  course,  coinciding.  The  terminal 
E.M.F.  is  now  in  phase  with  the  current,  and  the  machine 
works  with  the  highest  possible  efficiency — that  is  to  say,  the 
output  is  a  maximum.  The  machine  also  works  now  with 
the  highest  possible  plant  efficiency. 

The  diagrams  here  explained  at  some  length  are  not  drawn 
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strictly  to  scale.  Modern  machines  have  far  less  resistance 
and  generally,  also,  less  self-induction  than  shown  in  these 
diagrams.  It  was,  however,  necessary  to  assume  comparatively 
large  values  for  the  E.M.F.  of  self-induction  and  that  lost  in 
resistance,  in  order  to  make  the  geometrical  construction  more 
easily  understood.  In  Fig.  162  is  given  a  diagram  drawn  to 
scale,  which  refers  to  a  6o-kw.  alternator  as  actually  built. 
The  following  are  the  particulars  of  this  machine  : 

Terminal  E.M.F 2,000  volts. 

Frequency 60  cycles  per  second. 

Armature  resistance    1*94  ohms  when  warm. 
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The  E.M.F.  of  self-induction  calculated  by  formula  (66)  will 
thus  be 

e»  =  26  *. 

Fig.  163  gives  the  characteristic  of  the  machine. 

To  make  the  diagram  clear  the  lines  of  construction  are 
omitted,  and  the  points  giving  the  position  of  the  radius  of 
armature  E.M.F.  are  joined  by  a  curve.  These  points  are 
marked  I,  2,  3,  etc.,  and  the  corresponding  points  on  the  circle 
of  omnibus  E.M.F.,  which  is,  of  course,  diametrically  opposed 
to  the  terminal  E.M.F.,  are  similarly  marked.  This  diagram 
shows  at  a  glance  the  current  corresponding  to  any  armature 
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E.M.F.,  and  the  lag  of  current  with  regard  to  armature  and 
terminal  E.M.F.  The  resultant  E.M.F.  is  measured  on  the 
sloping  line  next  to  the  axis  of  ordinates.  The  current  values 
corresponding  to  the  respective  resultant  E.M.F.'s  are  marked 
off  on  it ;  they  are  readily  found  from  the  construction  of  the 
parallelogram  for  each  pair  of  values  of  armature  E.M.F.  and 
terminal  E.M.F.  In  each  case  the  radius  vector  respecting 
current  strength  coincides  with  the  left-hand  side  of  the 
axis  of  abscissae;  the  diagram  shows  at  a  glance  the  phase 
relations  between  current,  armature  E.M.F.,  and  terminal 
E.M.F.  The  lines  representing  armature  volts  are  partly  above 
the  current  line  (points  i  to  5),  and  partly  below  (points  6 
to  9).  In  the  former  case  the  current  lags  and  in  the  latter 
the  current  leads.  It  will  be  noticed  that  the  armature  voltage 


FIG.    164. 


may  vary  within  very  wide  limits  (this  variation  being  produced 
by  varying  the  exciting  current),  and  yet  the  power  absorbed 
by  the  machine  remains  constant — in  this  case  60  kw.  The 
only  difference  is  that  with  either  too  strong  a  field  or  top 
weak  a  field  the  current  becomes  excessive,  and  the  efficiency 
and  output  drop,  because  of  the  greater  amount  of  power 
wasted  in  overcoming  the  ohinic  resistance  of  the  armature. 
The  best  working  point  is  at  5,  when  the  armature  current  is 
in  phase  with  the  omnibus  voltage  and  the  machine  is  excited 
to  give,  on  open  circuit,  2,200  volts. 

Although   diagram    Fig.    162   gives  us   all   the  information 
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required,  it  is  not  in  such  a  form  as  to  show  at  a  glance 
the  interdependence  between  field  strength  or  armature 
voltage  and  current.  In  this  respect  the  diagram  devised 
by  Mr.  R.  W.  Weekes,  and  shown  in  Fig.  164,  is  preferable. 
It  is  constructed  from  Fig.  163  by  plotting  armature  voltage 
on  the  horizontal  and  current  (which  can  be  read  off  in 
Fig.  162  on  the  line  of  resultant  E.M.F.)  on  the  vertical. 
Thus  we  obtain  a  volt-ampere  curve  which  shows  at  a  glance 
what  current  will  be  given  by  the  machine  when  the  excitation 
is  varied,  but  the  driving  power  kept  constant  at  60  kw.  We 
can  thus  construct  a  series  of  volt-ampere  curves,  each  curve 
corresponding  to  a  definite  driving  power.  In  the  diagram  two 
only  are  shown — namely,  for  60  kw.  and  for  10  kw.  These 
curves,  shown  in  thin  lines,  have  been  obtained  by  the  con- 
struction explained  with  reference  to  Fig.  162,  and  no  correc- 
tion has  been  made  for  armature  reaction.  The  curve  shown 
by  a  thick  line  includes  the  effect  of 'armature  reaction,  as  will 
be  explained  presently.  The  point  of  importance  to  be  noted 
is  that  to  each  driving  power  (or  load  on  the  machine)  there 
corresponds  one  particular  excitation  at  which  the  current  is  a 
minimum  and  the  efficiency  a  maximum.  If  we  excite  more 
the  current  will  be  increased,  and  if  we  excite  less  the  current 
will  also  be  increased,  the  efficiency  in  both  cases  being 
diminished.  It  follows  that  the  output  cannot  be  controlled 
by  adjusting  the  excitation,  but  must  be  controlled  by  adjust- 
ing the  driving  power.  The  best  excitation  for  60  kw.  is, 
however,  not  very  different  from  the  best  excitation  for  10  kw., 
the  two  curves  having  their  lowest  points  near  each  other. 

It  is  noteworthy  that  the  divergence  between  the  two  curves 
(one  taking  the  back  turns  into  account  and  the  other 
neglecting  them)  corresponding  to  an  output  of  60  kw.  is  not 
very  great.  This  justifies  the  conception  of  an  ideal  machine 
which  we  introduced  above.  Fig.  162  further  shows  that  even 
within  wide  limits  of  armature  voltage  the  angle  of  lag  or  lead 
remains  moderate.  The  practical  conclusion  is  that  in  the 
neighbourhood  of  the  best  working  point  small  variations  in 
the  exciting  current  have  no  very  great  effect  on  the  armature 
current  produced  by  the  machine.  A  great  increase  or  a  great 
decrease  in  exciting  current  has,  however,  the  result  of  greatly 
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increasing  the  armature  current,  and  if  the  excitation,  and  with 
it  the  armature  voltage,  is  reduced  beyond  a  certain  limit,  the 
corresponding  ordinate  misses  the  volt-ampere  curve  altogether 
(where  the  latter  is  dotted),  and  this  shows  that  the  machine 
cannot  any  more  hold  the  engine  in  step,  and  racing  must 
ensue.  When  working  with  a  normal  field  the  combined 
steam  alternator  is,  however,  perfectly  stable,  thanks  to  the 
appreciable  amount  of  self-induction.  The  case  would,  how- 
ever, be  entirely  different  had  we  assumed  the  machine  to 
possess  extremely  little  self-induction — say,  for  instance,  so 
little  that  the  E.M.F.  of  self-induction  would  be  equal  to  the 
E.M.F.  lost  in  resistance. 

Although  it  is,  on  account  of  excessive  cost,  quite  imprac- 
ticable to  build  a  machine  in  which  this  condition  is  fulfilled, 
the  consideration  of  such  a  case  is  interesting,  and  the  reader 
should  construct  for  himself  the  respective  working  diagram 
and  volt-ampere  curves.  He  will  find  that  the  smaller  the 
self-induction,  the  greater  is  the  variation  in  the  angle  of  lag 
or  lead  produced  even  with  very  small  changes  of  exciting 
current,  and  the  more  pointed  becomes  the  volt-ampere  curve 
when  armature  reaction  is  neglected.  If  it  is  taken  into 
account  the  tendency  is  to  slightly  widen  the  two  limbs  of 
the  curve,  but  not  materially,  because  the  condition  on  which 
the  design  of  the  machine  is  based  precludes  the  possibility  of  a 
strong  armature  reaction.  The  machine  is  to  have  extremely 
small  self-induction.  This  means  that  we  must  provide  an 
extremely  strong  field  and  an  armature  with  very  few  con- 
ductors. The  magnetising  or  demagnetising  power  of  such  an 
armature  is  necessarily  very  feeble,  and  it  will  be  the  less  felt 
as  it  has  to  be  exerted  upon  a  field  which  itself  is  initially  very 
strong.  The  result  will  be  that  the  volt-ampere  curve,  even 
when  armature  reaction  is  taken  into  account,  will  present  the 
shape  of  a  very  narrow  and  pointed  V,  as  shown  in  Fig.  165. 
This  is,  roughly,  the  curve  for  a  machine  in  which  the  E.M.F. 
of  self-induction  at  full  load  only  amounts  to  a.  few  per  cent,  of 
the  armature  E.M.F. 

It  has  already  been  pointed  out  that  such  a  machine  must 
have  a  very  strong  field,  and  would  be  very  expensive  to  build. 
Apart,  however,  from  the  question  whether  it  would  be  com- 
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mercially  practicable,  we  have  to  consider  the  question  whether 
such  a  machine  would  be  desirable  for  central-station  work. 

Let  us  go  back  for  a  moment  to  the  case  (described  a  few 
pages  previously)  where  several  machines,  each  absorbing  the 
same  power,  deliver  current  to  a  pair  of  omnibus  bars  at  a 
central  station.  It  is,  of  course,  desirable  to  have  all  the 
machines  working  under  the  same  conditions — that  is,  giving 
the  same  current  and  the  same  output  in  power.  To  attain 
this  object  the  machines  must  be  so  excited  as  to  give  the 
same  armature  volts.  But  how  are  we  to  know  when  the 
excitation  is  right  ?  The  ampere-gauges  in  the  exciting  circuits 
only  tell  us  what  exciting  power  we  apply,  but  as  there  may 
be  slight  differences  in  the  air-space  and  other  constructive 
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FIG.  165. 

details,  equality  of  exciting  current  does  not  necessarily  mean 
equality  of  armature  volts.  There  is,  further,  the  difficulty  of 
getting  all  the  ampere-gauges  to  give  absolutely  reliable 
readings  and  of  adjusting  the  field  rheostats  with  great  nicety. 
On  paper  it  is  easy  enough  to  assume  the  condition  that  all 
the  machines  shall  be  excited  to  such  a  degree  as  to  give 
absolutely  the  same  armature  volts,  but  in  practice  this  is 
not  possible.  We  must  expect  to  have  certain  variations  in 
voltage.  Now,  let  us  see  what  such  a  variation  means  in 
the  two  cases  of  (a)  machines  with  a  reasonable  amount  of 
self-induction  and  (6)  with  machines  of  extremely  little  self- 
induction.  In  the  former  case,  to  which  Fig.  164  refers,  a 
considerable  variation  in  armature  volts  means  a  very  small 
variation  in  armature  current,  as  the  volt-ampere  curve  has 
the  shape  of  a  very  wide  and  rounded  V.  If,  then,  we  adjust 
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the  exciting  currents  of  the  various  machines  to  be  only 
approximately  equal,  we  can  be  certain  that  the  machines, 
if  provided  with  equal  driving  power,  will  give  not  only  equal 
output,  but  also  equal  current.  Conversely,  we  shall  be 
able  to  adjust  the  driving  power  by  the  ampere-gauge  in  the 
armature  circuit  of  each  machine. 

This  is  not  possible  in  the  case  of  the  machine  with  a  small 
self-induction.  An  inspection  of  Fig.  165  will  show  that  with 
constant  driving  power  a  very  small  variation  in  field  strength 
produces  a  very  large  variation  in  armature  current.  The 
ampere-gauge  in  the  armature  circuit  is,  therefore,  no  guide 
whatever  as  to  the  output  of  the  machine,  and  the  driving 
power  cannot  be  adjusted  thereby.  In  other  words,  it  is 
extremely  difficult  to  get  the  load  equally  divided  between 
the  various  machines.  The  difficulty  increases  as  the  self- 
induction  of  the  machine  is  diminished,  and  if  it  were  possible 
to  abolish  self-induction  altogether,  it  would  be  impossible  to 
work  the  machine  on  any  circuit  in  which  there  is  another 
E.M.F.  at  work.  Self-induction,  so  far  from  being  an  objec- 
tionable feature  in  alternators,  is,  in  reality,  a  very  valuable 
property,  and  it  is  only  by  virtue  of  this  property  that  machines, 
can  be  worked  in  parallel  and  used  for  the  transmission  of 
power. 

Condition  of  Stability. 

We  have  up  to  the  present  dealt  with  machines  working  on 
the  same  circuit  without  specially  considering  the  question 
whether  they  would  work  in  parallel  or  in  series.  Parallel 
working  is,  of  course,  implied  in  all  the  working  diagrams 
hitherto  given,  because  in  all  cases  the  lines  of  armature 
E.M.F.  and  omnibus  E.M.F.  included  an  angle  of  more  than 
go  deg. ;  but  as  this  question  is  one  of  considerable  practical 
importance,  it  is  worth  while  to  investigate  it  further.  The 
problem  may  be  stated  thus:  Given  a  certain  omnibus  E.M.F. 
and  armature  E.M.F.,  how  does  the  output  of  the  machine 
vary  with  the  angle  of  lag  between  the  two  E.M.F.'s?  To 
explain  the  practical  bearing  of  this  problem,  let  us  assume 
that  the  armature  voltage  leads  over  the  omnibus  voltage, 
and  that  the  machine  works  steadily,  the  engine  supplying 
a  certain  amount  of  power.  Now,  suppose  that  from  some 
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cause  the  power  of  the  engine  increases.  The  immediate 
effect  will  be  to  push  on  the  machine  so  as  to  increase  its 
lead.  If  this  increase  of  lead  is  accompanied  by  a  sufficiently 
large  increase  of  output,  the  steam-engine  and  its  alternator 
will  settle  down  into  a  new  working  condition  which  will  be 
stable.  If,  however,  the  increase  of  lead  should  result  in  a 
decrease  of  output,  then  the  working  will  be  unstable,  and  the 
engine  will  begin  to  race. 

To  simplify  the  explanation,  we  shall  assume  that  the 
omnibus  voltage  is  produced  by  a  very  large  machine,  the 
self-induction  and  resistance  of  which  may  be  neglected.  Let 
the  large  and  small  machine  be  mechanically  coupled,  and  let 
the  coupling  be  adjustable,  so  that  the  two  armatures  may  be 
set  relatively  to  each  other  at  various  angles.  In  one  position 
of  the  coupling  the  maximum  E.M.F.  occurs  in  both  machines 
simultaneously;  with  other  settings  the  maximum  E.M.F. 
will  occur  in  the  small  machine  sooner  than  in  the  large  one, 
when  the  small  machine  may  be  said  to  lead,  or  later,  when  it 
may  be  said  to  lag. 

In  drawing  the  clock  diagram  for  each  case,  it  is  necessary 
that  we  should  be  quite  clear  as  to  the  direction  in  which 
each  E.M.F.  acts.  Take  the  case  of  the  large  and  small 
machines  being  coupled  in  parallel,  and  assume  that  in  the 
clock  diagram  of  the  large  machine  the  E.M.F.  would,  at 
a  given  moment,  be  shown  by  a  line  running  from  the  centre 
vertically  downwards.  Since  this  E.M.F.  must  be  opposed 
to  that  of  the  small  machine,  it  would  have  to  be  represented 
in  the  clock  diagram  of  the  latter  by  a  line  running  from  the 
centre  vertically  upwards.  In  the  clock  diagram  of  the  small 
machine  the  omnibus  E.M.F.  must  be  diametrically  opposed 
to  the  terminal  E.M.F.  and  of  equal  magnitude,  the  resistance 
of  the  connecting  cables  between  the  two  machines  being 
considered  negligible. 

When  the  two  machines  are  coupled  in  series,  the  E.M.F. 
line  in  the  clock  diagram  of  the  large  machine  retains,  of 
course,  its  direction  when  transferred  to  the  clock  diagram  of 
the  small  machine. 

Parallel  coupling  is  shown  diagrammatically  in  Fig.  166, 
where  m  is  the  small  and  M  the  large  machine  with  the 
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lamps  coupled  across  their  common  leads.  The  clock  diagram 
above  is  so  simple  that  a  few  words  of  explanation  will 
suffice.  At  the  moment  to  which  the  diagram  refers  the 
large  machine  produces  through  its  armature  a  downward 
E.M.F.,  O  E,Jt  which,  transferred  to  the  small  machine, 
becomes  an  upward  E.M.F,,  as  shown  in  the  clock  diagram. 
This  is  opposed  to  the  downward  E.M.F.,  O  E*f  produced 
at  the  terminals  of  the  small  machine  at  that  moment. 


FIG.  166. 


Suppose  we  have  coupled  up  the  two  armatures  mechanically 
in  such  a  position  that  the  small  machine  leads  by  the 
amount  0  shown  in  the  diagram.  The  'bus  bar  E.M.F. 
and  armature  E.M.F.,  O  E,,  and  O  Ek  (which  in  the  case 
illustrated  is  the  smaller  of  the  two),  combine  to  produce 
the  resultant  E.M.F.,  O  B.  This  is,  then,  the  E.M.F. 
which  drives  the  current  through  the  small  machine,  and 
has  to  overcome,  first,  the  armature  resistance,  O  F,  and, 
secondly,  the  E.M.F.  of  self-induction,  B  F.  Whatever  may 
be  the  resultant  E.M.F.,  the  ratio  between  its  two  components 
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is  the  same.  In  other  words,  since  B  F  is  vertical  to  O  F 
the  angle  B  O  F  is  a  constant,  and  will  the  more  approach 
a  right  angle  the  less  E.M.F.  is  lost  in  armature  resistance. 
In  modern  machines  the  resistance  of  the  armature  is  very 
small,  and  the  angle  at  B  is  therefore  very  acute,  and  that 
at  O  very  nearly  a  right  angle.  In  the  diagram  it  has, 
however,  been  shown  sensibly  smaller  than  a  right  angle  in 
order  to  make  the  construction  clear. 

The  mechanical  power  given  to  the  small  machine  is  found 


FIG.  167. 

by  multiplying  the  current  with  the  projection  of  the  armature 
E.M.F.  on  the  current  line.  Since  the  E.M.F.  is  proportional 
to  the  current,  we  can  also  represent  the  power  by  the  area  of 
a  rectangle  the  base  of  which  is  the  projection  of  armature 
E.M.F.  on  the  current  line,  and  the  height  of  which  is  the 
E.M.F.  of  self-induction.  This  gives  the  figure  O  D  G  H. 
The  rectangle  F  D  G  B  represents  the  power  supplied  to  the 
omnibus  bars,  and  O  F  B  H  that  wasted  in  the  armature. 

Now  let  us   change   the   coupling   so   as   to   work  with   a 
different  lead,  and  repeat  the  geometrical  construction  above 
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explained.  We  shall  thus  get  another  value  for  the  power, 
and  we  may  in  this  way  determine  the  power  for  any  given 
lead.  If  the  results  be  plotted  in  polar  co-ordinates,  we  obtain 
a  curve  of  the  shape  shown  in  Fig.  167  on  the  left,  and  marked 
"  Generator."  This  curve  for  modern  alternators  having  small 
armature  resistance  is  nearly  a  circle,  and  if  armature  resist- 
ance may  be  neglected,  it  becomes  a  true  circle,  as  is  easily 
shown  in  the  following  way  :  Let  O  Ek  in  Fig.  168  be  the 
armature  E.M.F.  of  the  small  machine,  O  B  the  resulting 
E.M.F.  from  this  and  the  'bus  bar  E.M.F.,  O  E,,,  and  Oi  the 
current  vector.  Since  the  armature  resistance  is  negligible, 


FIG.  168. 


O  F  =  o  in  Fig.  166,  and  the  point  H  coincides  with  B.  The 
length  O  B  gives  the  E.M.F.  of  self-induction,  e»  =  to  L  i. 
From  this,  therefore, 


The  power  is 


P  =  i  .  O  Ejt  cos  \js 


P  = 


cos 


By  drawing  E^  K  perpendicular  to  O  Efc,  the  angle  E*  Eg  K 
the  angle  D  O  Ek  =  ^.     Hence   K  E,,  =  e,  cos  i/^.     At  the 
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same  time  K  Ey  =  O  Eg  sin  0.     The  equation  for  the  power 
may  therefore  be  written  as  follows  : 

p  =    OE*  x  O  Eg  sin  0. 
ft>  L 

O  Efc  is  the  armature  pressure  of  the  small  machine,  and 
O  Eg  is  the  pressure  at  the  'bus  bars.  If  we  put  e  and  E  for 
these  values  respectively,  then 

P  =  —  E  sin  0. 
a)  L 

On  the  assumption,  which,  however,  is  not  quite  accurate, 
that  e  is  constant  (i.e.,  that  the  armature  has  self-induction, 
but  exerts  no  magnetising  or  demagnetising  effect  on  the 
field),  P  will  be  directly  proportional  to  the  sine  of  the  phase 
angle,  and  the  locus  of  all  such  points  P  in  Fig.  167  must  be 
a  circle.  The  limit  of  stable  working,  represented  in  this 
figure  by  the  line  O  A,  will  obviously  in  this  case  assume 
a  horizontal  position,  and  it  is  at  once  clear  that  the  first 
factor  in  the  equation  for  P  is  simply  the  short-circuit  current 


Hence  P  =  *0  E  sin  0        .....     (73) 

P  is  the  power  transmitted  to  the  dynamo  from  the  steam- 
engine,  and  it  is  now  clear  that  this  power,  if  the  excitation 
and  the  'bus  bar  voltage  are  both  kept  constant,  depends 
solely  upon  the  phase  angle,  and  the  locus  of  all  the  points  P 
is  a  circle.  The  maximum  power  that  the  dynamo  can  take  is 


This  gives  the  diameter  of  the  circle. 

The  least  power  is  o,  and  occurs  when  0  =  o.  For  all 
intermediate  values  of  .0,  the  power  is  given  by  the  length  O  P 
on  the  phase  vector  O  R;  the  angle  between  this  and  the 
vertical  is  the  phase  displacement  between  the  small  and  large 
machines. 

We  have  up  to  the  present  always  supposed  the  small 
machine  to  be  rigidly  coupled  with  the  large  machine.  Let 
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us  now  imagine  the  coupling  bolts  to  be  suddenly  slipped 
out,  and  the  small  machine  to  be  driven  by  a  separate  engine. 
Let,  at  the  moment  of  uncoupling,  the  lead  and  power  be 
represented  by  the  line  O  P,  and  suppose  that  from  some 
cause  the  power  of  the  engine  is  diminished.  The  engine 
will  slightly  hang  back,  and  the  lead  will  be  diminished. 
This  will  cause  the  point  P  to  run  back  on  the  power  curve 
nearer  to  O — that  is  to  say,  the  engine  will  be  required  to 
give  less  power  than  before.  On  the  other  hand,  if  by 
increasing  the  steam  pressure  or  altering  the  cut-off  we  let 
the  engine  do  more  power,  it  will  push  on,  and  thus  increase 
the  lead,  bringing  the  point  P  farther  away  from  O  on  the 
power  curve,  and  increasing  the  power  required  by  the 
alternator.  It  will  thus  be  seen  that  the  working  is  perfectly 
stable.  Any  tendency  of  the  engine  to  push  on  too  far  is 
immediately  checked  by  the  greater  output,  and  any  tendency 
to  lagging  on  the  part  of  the  engine  is  counteracted  by  the 
decrease  of  output.  There  is,  however,  a  limit  to  this  auto- 
matic adjustment  of  load  and  power  in  either  direction. 

If  the  engine  pushes  on  until  the  radius  O  R  coincides 
with  O  A,  the  power  which  can  possibly  be  taken  up  by 
the  machine  has  reached  its  utmost  limit.  A  slight  increase 
of  lead  beyond  this  point  results  in  a  decrease  of  output, 
and  thus  the  engine  will  overpower  the  machine.  In  other 
words,  it  will  begin  to  race  and  get  out  of  Step  with  the 
large  machine.  The  part  of  the  power  curve  where  this  will 
happen  is  shown  by  the  dotted  line.  If  we  wjsh  to  work  on 
any  point  of  the  dotted  power  curve,  we  must  retain  the 
mechanical  coupling  between  the  two  machines.  Now  let 
us  enquire  what  working  on  the  clotted  part  of  the  power 
curve  really  means.  It  means  that  the  small  machine  must 
lead  by  more  than  go  deg. — that  is  to  say,  its  E.M.F.  must 
be  on  the  whole  not  opposed  to,  but  in  the  same  direction 
as,  that  of  the  big  machine.  In  other  words,  the  two  machines 
must  be  coupled  in  series.  We  see,  therefore,  that  only  by 
employing  a  rigid  coupling  is  it  possible  to  work  the  two 
machines  in  series.  If  not  mechanically  coupled,  they  can 
only  work  in  parallel. 

The  diagram    contains   also  a  power   curve   on    the    right, 
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marked  "  Motor."  This  refers  to  the  working  of  the  small 
machine  as  a  motor,  when  its  armature  must  lag  behind  that 
of  the  big  machine.  The  more  we  load  the  motor  the  more 
the  lag  increases,  and  an  increase  of  lag  will  at  first  produce 
a  very  rapid  increase  in  the  power  given  out.  As  the  lag 
approaches  the  line  O  B  the  increase  of  power  becomes  less 
rapid,  and  if  we  load  the  motor  so  much  as  to  produce  this 
lag  the  working  will  be  unstable — that  is  to  say,  the  slightest 
further  increase  of  load  will  throw  the  machine  out  of  step. 
Within  the  range  of  the  power  curve  shown  in  full,  the 
working  of  the  motor  will,  therefore,  be  stable  ;  and  to  provide 
for  the  possibility  of  any  sudden  and  accidental  increase  of 
load  it  is  best  to  work  normally  with  a  small  lag,  which  is 
only  another  way  of  saying  that  the  motor  should  be  worked 
well  within  its  power. 

The  range  within  which  the  machine  may  safely  be 
worked  either  as  a  generator  or  as  a  motor  is  shown  in  the 
diagram  by  the  angle  marked  "  Normal  working."  In 
modern  machines  this  is  almost  40  deg. — i.e.,  20  deg.  on  each 
side. 

Taking  the  machine  as  a  generator  only,  the  danger  of 
being  at  any  time  supplied  with  too  much  power  is,  of 
course,  not  nearly  so  great  as  that  of  being  overloaded  when 
working  as  a  motor,  and  we  may'  therefore  work  with  a 
greater  lead  than  shown  in  the  diagram.  Say  that  we  work 
with  a  lead  of  40  deg.,  which  gives  a  power  margin  of 
60  or  70  per  cent.  In  this  case  the  range  from  full  output 
to  zero  is  comprised  within  an  angle  of  from  40  deg.  to 
zero.  This  refers,  of  course,  to  a  two-pole  machine.  For  a 
2o-pole  machine  the  range  measured  on  the  crank-pin  circle  of 
the  engine  is  only  between  4  deg.  and  zero.  Say  we  have  two 
steam  alternators  working  in  parallel.  If  the  crank-pin  of 
one  engine  is  by  4  deg.  in  advance  of  that  of  the  other 
engine,  the  former  will  at  that  moment  give  the  whole 
output.  If  the  advance  is  more  than  4  deg.,  it  will  give 
not  only  the  full  output,  but  also  some  power  for  driving 
the  other  machine.  This  would  cause  a  surging  of  power 
between  the  two  machines,  which  may  make  parallel  working 
impossible.  It  must  be  remembered  that,  although  the  engine 
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of  the  leading  machine  cannot  permanently  supply  the  power 
required  for  the  whole  of  the  output,  it  may  do  so  for  an 
instant  by  virtue  of  the  energy  stored  in  its  flywheel,  and 
the  momentary  overload  may  be  sufficient  to  throw  the 
machine  out  of  step.  The  remedy  for  this  trouble  is,  of 
course,  to  ensure  that  no  engine  shall  have  a  tendency  to 
lead  or  lag  behind  the  other  at  any  time,  and  for  this  reason 
high-speed  direct-coupled  engines  are  preferable  to  low-speed 
belted  engines.  If  the  latter  must  be  used,  it  is  well  to  make 
arrangements  by  which  it  is  possible  to  time  the  switching-on 
of  machines  so  that  it  shall  take  place  when  the  engine  is 
in  the  same  part  of  the  stroke  as  the  other  engines  already 
working.  We  must,  in  other  words,  synchronise  not  only  the 
alternators,  but  also  the  engines. 

The  method  of  coupling  two  machines  shown  in  Fig.  166, 
although  it  allows  a  current  to  run  through  the  two  machines 
in  series,  is  not  the  one  usually  understood  by  the  term  series 
coupling.  In  Fig.  166  there  may  be  a  current  circulating 
between  the  two  machines,  but,  in  addition,  there  must  be 
a  current  flowing  through  the  lamps.  Now,  in  true  series 
working,  the  lamp  current  must  flow  in  series  through  the 
two  machines,  and  there  is  no  other  current  possible.  In 
Fig.  166  the  series  current  through  the  two  machines  is,  so 
to  speak,  a  mere  accidental  effect  which  may  or  may  not 
take  place,  and,  as  was  shown,  it  does  not  take  place  when 
the  machines  are  running  free  of  mechanical  control.  The 
machines  in  this  case  simply  put  themselves  into  parallel. 
Now  let  us  see  what  will  happen  when  the  connections  are 
designedly  arranged  for  series  working,  as  shown  in  Fig.  169. 
Here  the  lamps  cannot  be  lighted  unless  a  current  is  flowing 
in  series  through  the  two  machines.  The  E.M.F.'s  of  the 
two  machines  produce  together  the  resultant  E.M.F.,  O.B, 
and  this  has  to  do  two  things.  It  has  to  drive  the  current 
through  the  resistance  of  the  whole  circuit,  consisting  of 
lamps,  leads,  and  the  two  armatures,  and  it  has  to  overcome 
the  E.M.F.  of  self-induction  of  both  armatures.  Since  resist- 
ance and  self-induction  are  constants,  the  ratio  between  the 
two  E.M.F.'s  is  always  the  same  whatever  may  be  the  value 
of  the  angle  of  lag,  0,  of  the  armature  E.M.F.  of  the  small 
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machine  behind  that  of  the  large  machine.  The  angle  EOF 
remains  therefore  constant,  although  it  shifts  bodily  round  to 
the  left  as  the  lag  is  increased  by  suitable  alteration  in  the 
mechanical  coupling  between  the  two  machines.  The  power 


FIG.    169. 

absorbed  by  the  large  machine  is  proportional  to  the  area  of 
a  rectangle  having  F  G  for  its  base  and  F  B  for  .its  height. 
Similarly  the  power  absorbed  by  the  small  machine  is  pro- 
portional to  the  area  of  a  rectangle  having  O  G  for  its  base 
and  F  B  for  its  height.  If  we  now  alter  the  coupling  so  as  to 
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set  the  small  machine  to  work  with  a  greater  lag  and  repeat 
the  construction,  we  find  the  power  corresponding  to  the  new 
angle  of  lag.  By  plotting  the  result  in  polar  co-ordinates  we 
obtain  power  curves  as  before,  but  these  are  of  an  entirely 
different  character. 

In  Fig.  170  the  power  curves  are  shown  for  two  machines  of 
equal  E.M.F.,  called  A  and  B.  The  machines  will  work  with 
maximum  power  if  they  are  so  coupled  up  mechanically  that 


the  lag  of  A  behind  B  is  zero — that  is  to  say,  that  the  maximum 
E.M.F.  occurs  in  both  simultaneously.  This  condition  of 
working  corresponds  in  the  diagram  to  the  radius  line  O  R. 
If  we  now  set  the  machine  A  back  to  O  R1}  it  will  absorb  the 
power  O  A,  and  the  machine  B  will  absorb  the  power  O  B, 
and  so  on  for  any  other  setting  of  the  coupling. 

When  dealing  with  machines  coupled  in  parallel,  we  have  seen 
that  even  after  slipping  the  coupling  bolts  the  machines  would 
run  on  in  a  perfectly  stable  condition.  This  is  not  so  in  the 
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present  case.  For  imagine  that  after  the  coupling  bolts  are 
slipped,  the  engine  of  B,  which  is  leading,  gives  a  little  more 
driving  power.  The  immediate  result  will  be  that  A  will  be 
left  a  little  further  behind — that  is  to  say,  the  radius  O  Rx 
will  shift  a  little  further  to  the  left.  This  will  decrease  O  B, 
the  power  absorbed  by  the  leading  machine,  with  the 
necessary  result  that  the  leading  machine  will  go  still  further 
ahead.  The  working  is  therefore  unstable,  and  the  machines 
cannot  work  in  series.  If  the  engines  are  governed  to  constant 
speed,  the  machine  A  will  set  itself  to  a  lag  of  180  deg. — that 
is  to  say,  it  will  go  into  parallel  with  B  (the  radius  of  the 
power  curves  will  then  occupy  the  position  O  R0),  and  no 
work  will  be  done  on  the  lamp  circuit.  The  small  loops  near 
the  centre  refer  to  the  working  of  the  machines  as  motors. 
From  what  has  here  been  explained,  it  will  be  clear  that 
alternators  when  running  free  cannot  be  coupled  in  series, 
but  will  work  perfectly  in  parallel,  provided  the  driving  power 
is  applied  evenly  throughout  the  cycle.  In  other  words,  the 
success  of  parallel  running  depends  simply  on  the  engines,  and 
the  way  they  are  governed. 

When  dealing  with  the  working  of  one  alternator  on  to  a 
pair  of  omnibus  bars,  we  have  assumed  that  the  voltage  on 
the  bars  is  kept  constant  by  a  large  machine  or  a  number  of 
small  machines,  so  that  the  terminal  voltage  of  the  machine 
under  consideration  is  fixed  beforehand.  It  remains  to  investi- 
gate the  case  of  two  machines  working  in  parallel,  neither  of 
them  so  much  more  powerful  than  the  other  as  to  completely 
control  the  terminal  voltage.  Let  us  take  two  machines, 
A  and  B,  driven  by  engines  of  equal  power,  and  let  us  see 
what  will  happen  if  the  armature  voltage  is  not  the  same  in 
both  machines.  In  the  first  place,  it  will  be  obvious  that  the 
terminal  voltage  must  be  the  same  in  both  machines,  and 
must  be  in  phase  with  the  resultant  current  if  the  latter  is 
doing  work  on  an  inductionless  resistance.  In  the  next 
place,  it  will  be  seen  that  the  current  through  each  machine 
may  be  larger,  but  cannot  be  smaller,  than  half  the  resultant 
current.  Since  the  driving  power  on  both  machines  is  the 
same,  the  output  must  be  the  same,  and  therefore  the  current 
must  be  the  same. 
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Let  us  first  excite  both  machines  to  the  same  degree,  so 
that  their  armature  E.M.F.'s  shall  be  exactly  equal,  and  let 
this  be  O  E,  giving  a  terminal  E.M.F.  O  E«,  (Fig.  171).  The 
machines  will  now  each  give  a  minimum  current,  i..t  or 
together,  2  i0  and  work  with  maximum  efficiency.  The  line 
E  Ef  represents  the  E.M.F.  required  to  overcome  self- 
induction  and  armature  resistance,  and  corresponds  to  line 
D  K  in  Fig.  161.  Let  us  now  see  how  we  must  alter  the 
armature  E.M.F.'s  in  order  that  the  machine  A  may  give 
the  current  represented  by  the  line  O  t'A  in  magnitude  and 
direction,  and  the  machine  B  the  current  O  iB.  To  get  the 
current  *A  through  the  armature  we  must  provide,  in  addition 


FIG.  171. 

to  the  terminal  E.M.F.,  O  E,t,  an  E.M.F.,  E(  EA,  to  overcome 
armature  resistance  and  self-induction.  In  other  words,  we 
must  excite  the  machine  to  such  a  degree  that  on  open  circuit 
it  will  give  the  E.M.F.  represented  by  the  line  O  EA.  A  similar 
construction  applied  to  machine  B  shows  that  its  E.M.F.  must 
be  O  EB  It  is  thus  perfectly  safe  to  couple  two  machines 
^ together  of  widely  different  voltage,  each  driven  by  an  engine 
exerting  the  same  driving  power.  A  similar  construction  to 
Fig.  171  can  be  applied  in  the  case  that  the  two  engines  do 
not  exert  the  same  driving  power,  the  only  difference  being 
that  the  two  currents  will  then  be  unequal,  and  the  points 
*A,  is  will  not  be  on  the  same  vertical.  We  might  thus  have, 
say,  2,500  volts  in  B  and  1,500  volts  in  A  before  coupling  up, 
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and  after  the  machines  are  coupled  up  they  would  both   settle 
down  to  about  2,000  volts  terminal  pressure. 

Maximum  Mutual  Control. 

If  two  machines  are  working  in  parallel,  they  exercise  a 
mutual  control  the  one  upon  the  other,  of  such  a  kind  that 
the  leading  machine  is  loaded  somewhat  more  heavily  and  the 
lagging  one  more  lightly.  It  is  as  though  the  two  machines 
were  forcibly  coupled  in  some  mechanical  way — say,  by 
toothed  wheels  having  elastic  teeth.  A  lower  self-induction 
would  thus  correspond  in  the  mechanical  analogue  to  less 
elasticity — that  is  to  say,  to  a  less  yielding  quality  of  the 


FIG.  172. 

teeth.  The  controlling  force  between  the  two  machines  can, 
of  course,  only  be  exerted  by  a  current,  and  this  current  is 
due  to  the  resultant  of  the  E.M.F.'s  of  the  two  armatures. 
If  the  two  machines  are  exactly  in  phase,  the  E.M.F.'s  of  the 
two  are  exactly  equal  and  opposite ;  their  resultant  is  therefore 
nothing,  and  the  equalising  current  between  the  two  armatures 
also  zero.  No  controlling  force  is  being  therefore  exerted, 
and,  indeed,  none  is  necessary,  since  the  two  machines  are 
already  running  perfectly  in  step.  This  condition  of  working 
involves,  however,  perfect  balance  between  the  driving  force 
and  resisting  force  in  each  armature,  as  well  as  perfect 
equality  of  speed,  and  is  therefore  not  practically  attainable. 
Small  variations  of  driving  power  and  speed  are  absolutely 
unavoidable,  and  the  question  then  arises  what  must  be  the 
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elastic  properties  of  the  machines  in  order  that  they  may 
never  be  out  of  step  to  any  great  extent.  This  condition  will 
be  secured  if  a  large  controlling  force  comes  into  operation 
so  soon  as  there  is  even  a  small  phase  difference  between  the 
two  armatures.  Since  the  phase  displacement  between  the 
pressure  vectors  of  the  two  armatures  is  to  be  very  small, 
we  may  without  much  error  assume  that  the  resultant  of  the 
pressures  is  perpendicular  to  both  the  pressure  vectors.  Let 
the  vertical  line  in  Fig.  172  represent  the  induced  E.M.F.,. 
E,  in  the  armatures,  and  the  horizontal  line  O  A  the  resultant. 
It  is  the  latter  which  drives  the  equalising  current  through  the 
two  armatures,  having  to  overcome  the  ohmic  resistance  and 
the  self-induction  in  them.  If  we  represent  the  resultant  by 
Er  and  the  resistance  component  and  self-induction  component 
by  Ew  and  E«  respectively,  we  have 


Er  =  VE«,2  +  E,  2. 
In  the  diagram 

OB  -  Ew,  and  A  B  =  Es. 

If  i  is  the  virtual  value  of  the  equalising  current,  its  power 
in  each  armature  is 

P  =  *  E  cos  \js, 

and,  of  course,  the  power  exerted  by  it  on  the  lagging  arma- 
ture is  positive,  and  on  the  leading  armature  negative,  so  that 
the  latter  is  retarded  and  the  former  accelerated.  Since  the 
speed  is  constant,  the  power  may  be  taken  as  proportional  to 
the  controlling  force.  If  the  controlling  force  is  to  be  a. 
maximum,  *  cos  \js  must  be  a  maximum.  Since 

Er  cos        =  Es   and  t  =  Er  sin  *, 


2  W 

the  controlling  force  is 

F  =  C  —  —  sin  -0-  cos  1/r. 
2  w 

In  these  expressions  2  w  stands  for  the  resistance  of  th& 
two  armatures,  together  with  the  connecting  wires,  and  C  a 
numeric.  In  order  that  F  shall  be  as  large  as  possible,  sin  t/r 
cos  \js  must  be  a  maximum,  and  this  is  the  case  when  ^  =  x/4^ 
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The  machines  therefore  exert  a  maximum  mutual  controlling 
force  if  the  equalising  current  has  a  phase  displacement  of 
45  deg.  relatively  to  the  resulting  pressure.  In  order  that  this 
condition  may  obtain,  the  E.M.F.  of  self-induction  must  equal 
the  ohmic  pressure  drop,  and  in  each  armature  we  must  have 


Further,  F  =  C— ^=  =  (i  E). 


The  control  will  therefore  be  the  stiffer  the  less  the  resist- 
ance, and  we  may  consequently  say  that  for  parallel  working 
ohmic  resistance  is  invariably  undesirable,  but  self-induction 
only  undesirable  to  the  limit  determined  by  the  resistance. 
If  it  were  possible  to  cut  the  self-induction  down  to  zero, 
parallel  working  would  be  absolutely  impossible.  It  would, 
on  the  other  hand,  be  quite  feasible  with  a  negligibly  small 
ohmic  resistance  and  an  indefinitely  great  self-induction.  The 
condition 


is  not  attainable  at  the  frequencies  now  in  vogue  without  making 
the  machines  unnecessarily  costly.  To  bring  the  self-induction 
down  to  this  very  small  value  the  machine  would  have  to  have 
an  extraordinarily  powerful  field,  and  the  armature  only  a  very 
few  turns  ;  the  output  would  become  small  in  comparison  with 
the  material  employed,  and  the  efficiency  would  also  suffer, 
since  the  iron  losses  would  become  great  relatively  to  the 
output.  A  further  evil  arises  in  that  the  machine  would  no 
longer  be  protected  against  burn-outs  on  short-circuits,  owing 
to  the  self-induction  having  been  reduced.  The  practice, 
therefore,  is  to  make 


and  excellent  parallel  working  is  thus  secured. 

Effect  of  the  Steam-Engine  on  Parallel  Working. 

It  was  .shown  on  page  409  that  the  leading  machine  must 
:give   out   increased    power,  and   that   it    is  on   this   account 
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possible  to  couple  two  machines  in  parallel,  since  they  tend 
mutually  to  correct  irregularities  in  their  speeds.  These 
irregularities  are  due  to  the  steam-engine  itself,  since  the 
tangential  force  exerted  on  the  crank-pin  varies  between  wide 
limits.  Consider  two  steam  generators  running  in  parallel. 
If  not  only  the  generators,  but  also  the  prime  movers  are 
running  synchronously  —  i.e.,  if  corresponding  cranks  in  the 
two  steam-engines  have  similar  positions,  and  the  two  engines 
are  equal  in  every  respect — the  two  armatures  will  always 
assume  the  same  relative  position,  and  there  will  be  no 
phase  displacement  between  them.  If  the  two  sets  are 
so  connected  it  is  accidental.  As  a  rule,  the  engines  are 
not  synchronised,  but  paralleling  is  effected  with  reference 
merely  to  the  alternators,  and  it  then  easily  happens  that  the 
positions  of  the  cranks  in  the  two  engines  do  not  correspond 
with  one  another,  in  which  case  the  discrepancy  in  the  angular 
velocities  of  the  machines  makes  itself  felt. 

The  degree  of  irregularity  in  the  angular  velocity  of  the 
engine  shaft  is  given  on  the  assumption  of  a  uniform  delivered 
turning  moment.  Such  a  case  occurs  if  the  engine  is  driving  a 
mill— a  cotton  mill,  or,  indeed,  a  continuous-current  generator. 
The  turning  moment  demanded  from  the  engine  is  in  all  these 
cases  almost  entirely  independent  of  small  variations  in  speed. 
In  the  parallel  driving  of  alternators,  however,  the  degree  of 
irregularity  thus  arrived  at  is  not  sufficient,  since  the  load  on 
any  one  machine — i.e.,  the  turning  moment  to  be  given  to  it — 
increases  immediately  it  leads,  and  decreases  immediately 
it  lags,  and  the  irregularity  is  thus  automatically  reduced. 
We,  however,  are  only  dealing  in  general  with  the  effect  of 
irregularity  in  speed  on  parallel  running,  and  will  not,  there- 
fore, go  into  this  correction  closely,  but  will  assume  that  the 
irregularity  as  determined  for  constant  load  holds  good  also 
for  driving  alternators  coupled  in  parallel.  We  are  thus  to  a 
"certain  extent  dealing  with  the  most  unfavourable  conditions ; 
in  actual  working  they  are  somewhat  more  favourable. 

Let  us  assume  that  we  have  two  sets,  A  and  B.  When 
the  cranks  are  vertical,  let  the  circumferential  velocity,  v,  of 
the  moving  part  of  the  generator  be  a  minimum,  and  at  its 
maximum  when  the  cranks  are  horizontal.  Let  each  machine 
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have  p  pairs  of  poles,  and  the  distance  between  the  pole  centres 
be  a-,  so  that  2p  a-  represents  the  circumference  of  the  armature. 
In  the  most  unfavourable  position,  that  is,  when  the  two  engines 
are  furthest  removed  from  absolute  synchronism,  the  crank  of 
A  is  horizontal  when  that  of  B  is  vertical.  Since,  on  our 
assumption,  both  machines  are  loaded  identically  and  equally, 
A  must  deliver  to  B  as  much  work  as  B  delivers  to  A,  and  this 
is  only  possible  if  the  lead  of  B  in  advance  of  A  in  one-quarter 
revolution  is  equal  to  the  lead  of  A  in  advance  of  B  in  the 
next  quarter  revolution.  The  upshot  of  this  is  that  the  two 
armatures,  whenever  the  cranks  are  at  45  deg.  with  the  vertical, 
are  in  precisely  the  same  position,  and  that  the  phase  dis- 
placement between  the  two  reaches  its  maximum  one-eighth 
of  a  revolution  later.  If  u  stands  for  the  degree  of  irregularity, 
so  that  v  (i  +  u)  is  the  maximum  and  v  (i  -  u)  the  minimum 
peripheral  velocity,  and  if  T  is  the  time  of  a  complete  period, 
the  time  of  one-eighth  of  a  revolution  is  ^  p  T,  and  the 
difference  in  the  circumferential  lengths  moved  through  by  the 
two  armatures  is 


Putting  T  v  for  the  value  2  <r,  the  greatest  lead  will  be 

}*«>; 

\  u  p  gives,  therefore,  the  linear  advance  of  one  armature 
over  the  other  in  terms  of  the  pole-pitch.  Since  the  pole- 
pitch,  <r,  corresponds  in  the  vector  diagram  to  a  half-period — 
that  is,  to  an  angle  of  180  deg. — the  greatest  phase  dis- 
placement between  the  armatures  is  given  in  degrees  by  the 
expression 

45  UP> 

The  greater  the  phase  displacement,  the  greater  is  the 
variation  in  the  output  of  each  machine,  and  the  greater 
the  power  surging  to  and  fro  between  the  two  machines. 
In  order  to  keep  this  small,  and  therefore  the  so-called 
synchronising  current  or  equalising  current  small  also,  the 
expression  45  u  p  must  be  small.  The  number  45  comes  in 
because  we  have  taken  a  steam-engine  in  which  the  crank-pin 
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velocity  has  two  maxima  and  two  minima  in  each  revolution. 
This  is  generally  the  case  with  double-acting  compound  engines 
with  two  cylinders,  even  if  they  have  two  cranks  at  90  deg. 
Three-cylinder  engines  can  produce  a  smaller  interval  between 
the  points  of  maximum  and  minimum  velocity.  If  three 
maxima  and  three  minima  occur  in  each  revolution,  the  range 
of  variation  in  the  positions  of  the  two  armatures  is  reduced 
to  one-twelfth  of  the  circumference,  and  the  maximum  phase 
displacement  is  given  by  the  expression 

30  up. 

As  has  already  been  explained,  the  smaller  this  angle,  the 
better  the  machines  will  run.  (Compare  also  the  vector 
diagram,  Fig.  167.)  In  order  that  this  angle  may  be  small, 
the  irregularity  (amounting  in  practice  to  from  ^-5  to  ^u) 
and  the  number  of  poles  must  be  small-  High-speed  machines 
with  few  poles  are  therefore  better  adapted  for  parallel  running 
than  slow-speed  machines  with  many  poles.  If  the  number  of 
revolutions  is  specified,  it  is  advantageous  to  keep  the  number 
of  poles  low.  This  will,  of  course,  lower  the  periodicity  also. 

It  is  universally  recognised  that  a  low  frequency  is  favour- 
able to  parallel  running  ;  but  we  see  that  the  reason  does  not 
lie  essentially  in  the  Icrw  frequency,  but  in  the  fact  that  a 
low  frequency  enables  few  poles  to  be  used.  Experience  has, 
further,  frequently  shown  that  machines  which  run  thoroughly 
well  in  parallel  when  normally  loaded,  give  rise  to  large 
synchronising  currents  when  very  lightly  loaded,  and  do  not 
then  run  well  in  parallel.  The  reason  for  this  lies  with  the 
engines,  and  not  with  the  generators.  The  unevenness  of 
speed  of  compound  engines,  particularly  when  they  are  run 
non-condensing,  increases  very  greatly  as  the  load  falls  off, 
since  the  low-pressure  cylinder  may  then  work  as  a  pump. 
If,  for  example,  with  a  6o-pole  machine,  u  rises  to  TV,  the 
"displacement  angle  becomes  90  deg.,  and  the  machine  must 
fall  out  of  step.  Care  must  therefore  be  exercised  with  steam 
generators  to  ensure  a  low  speed  variation  under  all  conditions 
of  working  by  the  employment  of  ample  rotating  masses. 
Hunting  of  Parallel  Coupled  Machines. 

In  spite  of  every  care  in  this  respect,  it  frequently  happens 
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that  heavy  synchronising  currents  pass  between  steam  gene- 
rators coupled  in  parallel.  Since  these  currents  do  not  arise 
immediately  on  paralleling,  but  sometimes  only  some  con- 
siderable time  afterwards,  and  then  rise  to  outrageous  values, 
one  naturally  looks  for  a  resonance  effect.  This  view  is 
supported  by  the  fact  that  this  phenomenon,  which  is  called 
hunting,  may  frequently  be  stopped,  sometimes  by  increasing 
and  sometimes  by  decreasing  the  load.  Further,  cases  are 
known  in  which  the  hunting  has  been  made  worse  instead 
of  better  by  increasing  the  weight  of  the  rotating  masses, 
while  in  a  few  isolated  cases  a  reduction  of  the  rotating 
masses  has  afforded  a  remedy.  Belt  driving  from  steam- 
engines  is  as  free  from  hunting  as  direct  driving  from  turbines. 
In  the  latter  case,  however,  those  pulsations  are  wanting 
which  are  necessary  for  the  production  of  the  resonance 
effect,  whereas  in  the  former  case,  although  the  pulsations 
are  certainly  present,  they  are  rendered  ineffectual  by  the 
damping  effect  of  the  belt. 

Hitherto  sufficient  observations  have  not  been  made  to 
enable  us  to  thoroughly  explain  the  peculiar  and  often  very 
objectionable  phenomenon  of  hunting;  it  is,  however,  probable 
that  it  arises  in  the  following  way.  Owing  to  the  uneven 
turning  moment  of  the  engine,  the  vector  of  induced  E.M.F. 
makes  small  oscillations  relatively  to  the  'bus-bar  pressure 
vector.  If  the  torque  were  absolutely  constant,  as  it  is  with 
a  turbine,  a  constant  phase  displacement,  00,  would  be  pro- 
duced between  the  two  vectors  corresponding  to  the  normal 
load.  Owing,  however,  to  the  pulsations  in  the  steam-engine, 
a  small  acceleration  and  a  small  retardation  of  the  armature 
occur  alternately,  so  that  the  vector  of  its  induced  pressure 
oscillates  about  the  normal  position,  <fa.  The  phase  angle,  0, 
is  first  greater  and  then  smaller  than  00.  While  <£  is  >  00,  the 
power  rises;  when  0  is  <00,  it  falls.  The  machine,  however, 
is  kept  in  step  by  these  alternations,  and  exercises  the  necessary 
check  on  the  engine.  As  was  just  shown,  the  power,  and, 
farther,  the  torque,  owing  to  the  very  nearly  constant  spe«jd, 
is  proportional  to  sin  <j>.  If  0  =  00>  tne  force  with  which  the 
armature  resists  the  rotation  is  exactly  equal  and  opposite  to 
the  mean  driving  force  of  the  engine.  If  we  now  consider  that 
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at  a  certain  instant  when  <j>  is  <00,  and  the  armature  velocity  has 
its  correct  mean  value  v,  the  engine  is  driving  more  than 
the  armature  is  resisting,  the  difference  of  the  forces  which 
is  accelerating  the  armature  is  k  (sin  00-sin  0).  In  this 
expression  k  is  a  factor  dependent  on  the  design  of  the 
dynamo.  If  m  is  the  mass  of  the  armature  referred  to 
the  radius  of  the  windings,  the  acceleration  is 

k  (sin  <ftQ  -  sin  0) 

m 

Owing  to  this  acceleration,  the  armature,  and  consequently 
the  vector  of  its  induced  E.M.F.,  will  slowly  shift  forwards — 
that  is,  0  will  become  greater.  When  <f>  reaches  the  normal 
value  <j>0,  the  vector  cannot  remain  stationary,  for  the  armature 
now  has  an  increased  velocity,  vlf  and  must  therefore  advance 
further.  Now,  however,  since  0  >  00,  the  resistance  will  be 
greater  than  the  driving  force,  the  acceleration  therefore 
negative,  and  the  speed  again  falls.  At  the  instant  when 
it  reaches  the  value  v,  armature  and  'bus-bar  vectors  again 
have  the  same  speed,  but  the  armature  vector  leads  by  the 
value  0-0o-  During  the  shifting  from  the  position  0  =  00to 
the  position  ^  >  00,  the  armature  has  given  out  more  energy 
than  it  has  received  from  the  engine,  and  this  surplus  energy 
has  been  received  from  that  stored  in  the  rotating  mass,  m* 
So  long  as  <p  >  00,  energy  is  being  taken  from  the  rotating 
masses,  and  the  speed  must  drop  so  that  the  armature 
vector  again  approaches  the  normal  position,  00.  At  the 
instant  when  it  reaches  it,  the  speed  is  at  its  lowest  value  of 
vz ;  then  as  soon  as  this  position  has  been  passed,  <j>  <  00, 
and  the  acceleration  is  again  positive.  The  phenomenon 
may  therefore  be  represented  by  an  oscillation  of  the  armature 
vector  about  the  mean  position,  <£0,  the  oscillation  being  such 
that  the  speed  with  which  the  armature  vector  passes  fhe 
mean  position  in  one  direction  i\  -  v,  and  in  the  opposite 
direction  v  -  v.2,  where  vl  is  the  maximum  and  v2  the  minimum 
velocity  of  the  armature  with  reference  to  a  fixed  point  in 
space. 

At  the  reversing  points  of  the  oscillation  the  speed  is 
zero  referred  to  the  normal  vector,  00»  and  v  referred  to 
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a  fixed  point  in  space.  Since  the  work  corresponding  to 
the  speed  v  is  delivered  direct  from  the  engine,  we  heed 
only  consider,  in  dealing  with  the  hunting,  those  amounts 
of  energy  which  are  given  to  or  taken  from  the  rotating 
mass,  m.  We  will  for  the  present  leave  out  of  account 
all  irregularity  in  the  torque  of  the  engine,  and  assume 
that  it  exerts  a  constant  driving  force  T  =  k  sin  fa  at  the 
armature  circumference.  The  armature  resists  with  a  force 
k  sin  0,  and  the  force  acting  on  the  mass,  m,  of  the  armature 
is  k  (sin  0o -sin  0).  To  simplify  the  calculation  we  will 
write  the  angle  instead  of  its  sine.  This  will,  of  course, 
introduce  an  error,  but  it  is  one  of  no  account,  since  fa  is 
always  small,  being  of  about  the  order  of  10  deg.  to  25  deg. 

If  we  call  the  travel  from  the  position  of  rest  ^  (where  ^  is 
positive  when  the  armature  lags,  and  negative  when  it  leads), 
an  expression  for  the  force  is 

F=kt. 

We  now  have  brought  the  problem  down  to  the  well-known 
•case  of  a  straight-line  oscillation,  where  a  mass,  m,  oscillates 
about  a  fixed  centre  of  force  (given  by  the  normal  position  of 
the  armature  vector,  fa)  under  the  influence  of  a  force  which 
is  proportional  to  the  displacement. 

We  found  that  the  normal  power  was  given  by  the 
expression 

P  =  io  E  sin  fa, 

where  i0  is  the  short-circuit  current.  The  maximum  power 
is  when  0  =  90  deg.  Since  the  power  is  proportional  to  the 
product  of  circumferential  force,  T  x  speed  v,  and  the  latter  is 
constant,  we  have 

P  T 

p—  "  sin  00=  = 

•*  max  *  max 

The  excitation  corresponding  to  the  value  of  i0  and  the 
'bus-bar  voltage,  E,  are  both  known,  and  the  power,  P,  being 
given  by  the  engine,  T  is,  of  course,  known  also.  Thus  we  can 
find  sin  fa,  and  consequently  fa.  At  the  armature  circum- 
ference, the  length  corresponding  to  the  angle  fa  is 
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If  we  write  T  =  a  c, 

c  is  the  coefficient  which,  when  multiplied  by  the  linear 
displacement  from  the  mean  position,  00,  gives  the  force. 
If  we  call  the  displacement  x,  then 

F  =  cx. 
Let  the  speed  in  the  midway  position  be 

Vx  =  vl  -  v, 
and  at  the  distance  x  let  the  speed  be  V.     Then 


X 

jcxdx=  "OV-W  — 

J 


When  the  mass  reaches  the  end  of  its  oscillation,  V  =  o,  and 
x  is  half  the  total  range  of  swing. 


Since  V  ~  5±. 

^ 

we  have  dt  =  dx 


—  °arcsin- 


-  sn 
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When  x  =  XQ,  t  is  the  time   of  a  quarter  period.     — ^—  is 
an  angle  of  90  deg.  when  x  =  x0.     We  thus  have 


0.  XQ  /  W 

Since  VTV7' 

the  duration  of  a  quarter  oscillation  is 


TT     Im 

2V     c 


and  the  duration  of  a  complete  oscillation  to  and  fro  is 


Hitherto  we  have  assumed  the  driving  force  to  be  absolutely 
constant,  under  which  condition  no  oscillation  would  arise  of 
itself.  It  could,  of  course,  be  artificially  set  up  by  a  current 
impulse  by  switching  in  and  out  some  circuit,  but  this  oscilla- 
tion would  not  last  long,  but  would  die  away  soon  owing  to  the 
damping  effect  of  friction  and  of  eddy  currents  in  the  poles. 
The  driving  force,  however,  is  not  constant,  but  pulsating,  and 
if  the  periodic  time  of  these  pulsations  corresponds  exactly 
with  the  natural  period  of  the  armature, 


resonance  occurs,  and  the  oscillations  become  greater  and 
greater,  till  the  fuses  blow  or  the  machine  falls  out  of  step. 
It  should  be  noted  that  the  pulsations  do  not  need  to  be  at  all 
great  initially,  and  one  may  therefore  have  trouble  with  an 
engine  whose  evenness  of  running  is  very  good,  as  much  as  with 
an  inferior  engine.  Neither  is  it  necessary  that  the  period  and 
duration  of  the  pulsations  correspond  precisely.  Partial 
resonance  will  at  least  occur  if  they  are  approximately  the 
same. 

The  engine  pulsations  may  occur  one  or  more  times  during 
each  revolution.      Since,  however,  the  periodic  time  of  the 
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dynamo  is  usually  of  about  the  order  0*5  to  2  seconds,  and 
the  speed  of  the  engine  generally  less  than  i  second,  a 
pulsation  occurring  once  per  revolution,  if  it  do  not  differ 
very  greatly  from  the  time  of  oscillation  of  the  armature, 
may  set  up  resonance.  In  the  same  way,  resonance  may 
arise  if  the  time  of  oscillation  of  the  dynamo  is  an  uneven 
multiple  of  that  of  the  engine,  or  if  the  engine  governor  is 
unstable  and  permits  of  a  greater  impulse  in  every  second 
or  third,  etc.,  revolution.  Such  a  fault  is,  of  course,  easily 
removed.  We  will  not  investigate  all  possible  cases  here,1 
but  for  simplicity  we  will  only  trouble  ourselves  with  the 
case  of  an  engine  giving  the  armature  an  impulse  once  per 
revolution  rather  greater  than  the  rest.  Resonance  will  arise 
if  the  time  interval  between  these  larger  impulses  does  not 
differ  widely  from  the  natural  time  of  oscillation  of  the 
armature — that  is,  when  the  equation 

60 

-     =    2  7T 

n 

nearly  holds.  In  order  that  hunting  should  not  occur, 
2  TT  \J  —  must  either  be  considerably  greater  or  considerably 

less  than  6o/«.  Generally,  the  former  value  is  greater  than 
the  latter.  If,  however,  it  is  only  slightly  greater,  hunting 
occurs,  and  in  this  case  a  remedy  is  to  be  found  in  increasing 
the  rotating  masses,  since  the  inequality  is  thus  increased. 
On  the  other  hand,  if  the  periodic  time  of  the  armature  is 
a  little  smaller  than  the  speed  of  rotation  of  the  engine, 
increasing  the  rotating  masses  would  only  increase  the  evil. 
As  a  rule,  however,  the  time  of  the  armature  is  greater  than 
the  time  of  rotation  of  the  engine,  and  increasing  the  rotating 
masses  is  a  means  that  may  be  employed.  It  is,  however, 
a  costly  means,  and  since  it  is  only  necessary  to  increase  the 
fraction  under  the  root  sign,  we  can  diminish  c  instead  of 
increasing  m.  This  procedure  is  far  less  costly,  for  it  consists 
merely  in  inserting  a  choking  coil  between  the  armature  and 
'bus  bars,  thus  increasing  L,  and  consequently  reducing  t'0. 

1  See  an  article  by  the  author  in  the  Elektrotechnische  Zeitschrift,  No.  7,  1899 
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The  result  is  that  0,  and  consequently  a,  are  increased,  and 
c  is  diminished,  The  stiffness  of  the  mutual  control  of  the 
parallel  connected  machines  is  certainly  somewhat  weakened 
thereby,  and  the  machines  therefore  fall  out  of  step  more 
easily.  The  latter  danger  is  generally  not  great,  and  it  may 
further  be  avoided  by  not  increasing  the  reaction  in  the 
armature  circuit,  but  by  putting  in  a  damping  arrangement 
instead,  and,  so  to  speak,  nipping  the  resonance  in  the  bud. 
By  providing  each  pole,  as  suggested  by  Leblanc,  with  a 
copper  shield  in  the  form  of  embedded  conductors  short- 
circuited  upon  themselves,  no  mechanical  effect  is  exerted  by 
such  a  shield  so  long  as  the  relative  speed  between  armature 
and  pole  is  exactly  equal  to  the  speed  of  the  current  wave  in 
the  armature — i.e.,  so  long  as  0  =  ^>0.  If,  however,  the  engine 
tends  to  displace  the  armature  from  this  position,  the  shield  is 
cut  by  the  field  generated  by  the  armature  current,  and  heavy 
currents  are  set  up  in  the  embedded  conductors,  thus  producing 
a  powerful  braking  action.  The  oscillations,  therefore,  even 
when  there  is  resonance,  cannot  develop  freely,  but  are 
restrained  within  very  narrow  limits  by  the  damping  action 
of  the  shield.  These  copper  pole  windings  have  also  proved 
very  effective  in  rotary  converters  for  railway  work,  which  are 
very  liable  to  hunt. 
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CHAPTER  XVIII. 

Synchronous       Motors  —  Asynchronous       Motors  —  General 

Explanation    of    the    Working    of     Asynchronous    Motors — 

Calculation   of    the    Field,   E.M.F.,    and    Torque— Theory    of 

Asynchronous  Motors — Graphical  Treatment. 

Synchronous  Motors. 

In  the  preceding  chapter  the  operation  of  two  machines 
together  on  one  circuit  was  considered.  It  was  also  shown 
that  one  of  these  machines  can  work  as  a  motor.  In  this 
connection  an  alternator  behaves  like  a  direct-current  machine 
with  shunt  excitation.  When  a  machine  of  this  kind  is 
connected  to  a  direct  -  current  supply  circuit,  it  can  either 
take  current  from  or  feed  current  into  the  circuit,  according 
as  mechanical  power  is  taken  from  or  given  to  the  machine. 
The  same  thing  is  true  of  an  alternator,  with  the  difference, 
however,  that  it  must  have  the  same  speed  under  both  con- 
ditions of  working,  whereas  the  direct-current  machine  must 
run  somewhat  faster  as  a  generator  than  it  would  run  as  a 
motor  with  the  same  field  excitation.  If,  however,  the  field 
excitation  can  be  varied  between  sufficiently  wide  limits,  the 
machine  may  either  consume  or  deliver  current  at  one  and 
the  same  speed.  With  alternators  which  run  in  synchronism 
with  the  alternating  E.M.F.  in  the  supply  circuit,  the  speed 
depends,  obviously,  on  the  number  of  poles  and  the  frequency, 
and  on  these  alone.  The  difference  in  the  working  conditions., 
depends,  then,  only  on  the  field  excitation  and  the  corre- 
sponding phase  difference  between  the  vector  of  the  supply 
pressure  and  the  vector  of  the  E.M.F.  induced  in  the  armature 
of  the  machine.  In  what  follows,  the  terms  "supply  vector" 
and  "armature  vector"  will  be  used  for  these  two  quantities. 

In  order  not  to  make  the  problem  too  complicated,  we  will 
make  an  approximation,  as  explained  in  the  preceding  chapter, 


430 


DYNAMOS,     ALTERNATORS, 


by  assuming  that  the  machine  has  an  ideal  self-induction, 
greater  than  the  real  one,  and  that  the  magnetising  effect  of 
the  armature  is  negligible.  The  resulting  Er  of  the  armature 
E.M.F.,  e,  and  the  supply  pressure,  E,  has  then  two  com- 
ponents, r  i  and  w  L  i,  at  right  angles  to  one  another,  while 
the  angle  of  lag,  0,  between  *  and  Er  is  given  by  the  condition 


7'2    +    ft,2  L2 

This  angle  is  independent  of  the  current  and  output  of  the 
motor,  and  may  therefore,  for  a  given  motor,  the  particulars 
of  which  are  known,  be  inserted  at  once  in  the  vector  diagram, 


FIG   173. 


FIG.  174. 


In  Fig.  173  we  draw  the  current  vector  to  the  left,  and  the 
resultant  pressure  vector  upwards.  Suppose  its  direction  to 
be  O  r.  Taking  a  definite  current  we  can  find  the  corre- 
sponding value  of  O  R  =  Er  from  the  relation 


Er  =  i  </r*  +  ft>2  L2. 

Let,  further,  the  pressure,  E,  in  the  network,  which,  of 
course,  is  in  the  same  straight  line  with  the  terminal  pressure, 
Efc,  and  opposite  to  it,  and  the  armature  voltage,  e,  be  given. 
O  R  is  the  resultant  of  e  and  E.  Of  the  two  possible  positions 
of  the  components  we  select  that  in  which  e  falls  to  the  right, 
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and  is  thus  in  general  opposing  the  current,  for  this  is  the 
condition  that  the  machine  shall  work  as  a  motor.  At  the 
same  time  E  must  lie  to  the  left.  We  therefore  describe  with 
the  radius  e  the  semi-circle  e  to  the  right,  and  with  the 
radius,  E,  the  semi-circle,  E,  to  the  left,  both  from  the 
centre,  O.  The  end  of  the  armature  vector  must  lie  on  e  ; 
that  of  the  supply  vector  on  E.  If,  now,  we  cut  the  semi- 
circle e  by  an  arc  struck  from  R  with  the  radius  E  we  find 
the  vector  O  A  and  cutting  the  semi-circle  E  with  an  arc  of 
radius  e  from  the  centre  R,  we  get  the  supply  vector,  O  N. 
Reversed,  this  gives  the  terminal  voltage  vector,  O  K.  The 
power  factor  of  the  motor  is  cos  fa,  and  the  power  supplied  is 

P  =  E  i  cos  fa 
=   E  Er  cos  fa 


+  to*  L2 

We  can  thus  obtain  the  power  from  the  vector  diagram.  It 
will  be  a  maximum  when  fa  =•  o  ;  that  is,  when  e  =  R  N0. 
Hence, 

e2  =  (E  -   r  i}*  +  o>2  L2  i2. 

In  modern  machines  ri  is  of  the  order  0*02  E  at  full  load, 
and  <o  L  i  of  the  order  o'i6  E  to  o'2  E.  We  thus  have 


e2  -  E2  (o-gS)2  +  E2  (o'i8)2 
e2  =  E2  (0-96  +  0-032) 
e    =  0-996  E. 

In  order,  therefore,  to  keep  the  power  factor  as  near  unity 
as  possible  at  full  load,  the  motor  must  be  excited  to  the  point 
at  which  it  would  give  the  supply  voltage  at  no  load  if  driven 
as  a  generator. 

In  Fig.  173  the  motor  is  assumed  to  be  more  feebly  excited, 
so  that  the  E.M.F.  induced  in  the  armature  at  no  load  would 
be  less  than  the  supply  pressure.  Since  we  have  seen  that  the 
phase  displacement  may  be  reduced  to  zero  by  a  somewhat 
more  powerful  excitation,  it  at  once  occurs  to  us  that  by  still 
higher  excitation  it  might  be  made  negative,  so  that  the  current 
should  lead  in  advance  of  the  pressure.  This  is  actually 
possible,  as  can  be  seen  by  a  glance  at  Fig.  174. 
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In  this  case  e  is  greater  than  E,  and  fa  is  negative.  An  over- 
excited synchronous  motor,  therefore,  acts  as  a  condenser  so 
far  as  shifting  of  the  current  phase  is  concerned.  Machines  of 
this  kind  are  employed  to  more  or  less  balance  the  phase 
displacement  produced  by  other  apparatus. 

The  Asynchronous  Motor. 

The  field  belonging  to  synchronous  motors  has  a  fixed 
polarity,  and  is  excited  by  a  continuous  current — like  that 
of  a  generator.  Such  a  motor,  therefore,  needs  two  sources 


FIG.   175. 

of  supply — one  of  continuous  current  for  field  excitation  only, 
and  the  other  of  single  or  polyphase  alternating  current,  to 
supply  electric  energy  to  the  armature,  which  transforms  it 
into  mechanical  energy.  We  can  build  motors,  however, 
which  need  only  one  source  of  supply— namely,  an  alternating 
current  of  one  or  more  phases.  We  will  first  assume  that 
the  supply  is  polyphase,  and  is  employed  to  produce  a 
rotating  field.  Fig.  176  shows  how  this  may  be  done.  Before 
describing  this  figure  in  detail,  we  will  investigate  the  way  in 
which  a  rotating  field  may  be  employed  to  produce  mechanical 
energy.  Since  the  mode  of  production  of  the  field  itself  is  of 
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no  importance  here,  we  will  suppose  that  the  field  is  produced 
by  a  magnet  system  like  that  shown  in  Fig.  175.  In  this 
figure  A  represents  a  laminated  tunnel  armature,  and  F 
the  field  system,  which  may  have  four  poles.  Suppose  the 
armature  bars  to  be  connected  so  as  to  form  separate  coils 
each  embracing  go  deg.;  one  coil  only,  a  b,  is  shown.  Suppose 
the  armature  and  field  system  to  be  both  mounted  in  bearings, 
and  the  latter  to  be  rotated  in  the  direction  of  the  arrow. 
This  will,  of  course,  give  rise  to  a  downward  E.M.F.  in  a,  and 
an  upward  E.M.F.  in  b.  Since  the  coil  is  short-circuited  on 


c    a!    1>    c'    a,    V 

o       ooooo 


FIG.  176.       f 

itself  at  both  ends  of  the  armature,  there  must  be  a  downward 
current  in  a  and  an  upward  one  in  b,  which  currents,  in  com- 
bination with  the  lines  of  force  from  N  to  S,  produce  a  torque 
in  the  direction  of  the  arrow.  This  holds  true,  of  course,  not 
for  one  coil  only,  but  for  the  whole  armature  winding,  and 
there  must  clearly  be  a  torque  imparted  to  the  armature  for 
every  position  of  the  rotating  field.  If  the  armature  is 
absolutely  free  to  rotate — that  is,  without  any  resistance 
whatsoever — it  will  run  synchronously  with  the  field.  This 
would  involve  no  relative  motion  between  the  armature  bars 
and  the  lines  of  force,  and  there  would  consequently  be  no 
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E.M.F.  and  no  current  induced  in  the  armature  bars,  and 
no  torque  imparted.  The  armature  would  simply  run  with 
the  field.  Let  the  armature,  however,  be  mechanically  loaded, 
and  its  speed  will  drop  below  that  of  the  field,  by  an  amount 
moreover,  such  that  the  current  induced  in  the  bars  will,  in 
combination  with  the  field  strength,  produce  a  torque  corre- 
sponding to  the  load.  The  current  in  each  armature  bar 
must  obviously  be  an  alternating  current,  and  it  is  also 
apparent  that  the  more  the  current  lags  behind  the  E.M.F. 
which  generates  it — i.e.,  the  greater  the  self-induction  in  the 
armature  bars — the  less  will  be  the  torque. 

To  render  the  above  explanation  simple,  we  have  assumed 
that  the  actual  poles  of  some  field  system  rotate  round  the 
armature ;  the  movement  of  the  iron  itself  is,  however,  not 
the  essential  thing,  for  it  is  clearly  only  necessary  that  the 
individual  bundles  of  lines  of  force  rotate,  and  if  it  is  possible 
to  produce  this  rotation  electrically,  the  field  system  may 
consist  of  a  smooth  ring  without  polar  projections,  and  this 
ring  may  remain  stationary  in  space.  A  rotating  field  with 
a  stationary  pole-ring  can  only  be  produced  by  a  polyphase 
current,  as  is  clearly  seen  from  Fig.  176. 

Suppose  the  pole-ring  shown  in  Fig.  148  (page  366)  to  be 
provided  with  six  bars  connected  up  into  three  windings. 
Current  is  led  in  at  the  front  ends  of  the  bars  a,  b,  c.  The 
connections  at  the  back  end  of  the  pole-ring  are  shown  dbtted. 
They  pass  from  a  to  a',  from  b  to  br,  and  from  c  to  c'.  The 
front  ends  of  the  bars  a',  b',  c'  are  connected  to  a  common 
point,  as  shown  in  the  sketch.  We  will  call  the  current 
positive  when  it  flows  outwards  from  this  middle  point,  and 
a  field  positive  when  the  lines  of  force  pass  radially  outwards. 
Positive  current  in  the  winding  a  a  will  therefore  produce 
a  positive  field  in  the  upper,  and  a  negative  field  in  the  lower 
half  of  the  pole-ring.  If  we  imagine  the  ring  cut  between 
a  and  c'  and  opened  out,  we  get  the  diagram  in  Fig.  176.  A 
positive  current  in  a  a  there  produces  a  positive  field  to  the 
right  of  a  and  to  the  left  of  «',  and  the  same  holds  true  for  the 
other  two  windings.  When  the  current  in  the  circuit  a  is  at  its 
maximum  value,  I,  its  value  in  6  and  c  is  =  1/2,  and  the 
diagram  of  the  resultant  field  -is  given  by  the  outline  A. 
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A  twelfth  of  a  period  later  the  current  in  A  is  0*86  I,  in 
c  —  0*86  I,  and  in  b  zero.  The  field  is  then  represented  by 
the  outline  B.  Yet  another  twelfth  of  a  period  later  c  is  a 
negative  maximum,  and  we  get  the  outline  C.  We  see  that 
the  fields  travel  from  right  to  left.  If  the  windings  are  not 
concentrated  in  single  holes,  but  are  distributed,  each  among 
several  holes,  the  corners  in  the  outlines  are  rounded  off,  and 
we  obtain  curves  not  unlike  sine  curves.  The  amplitude  of 
the  wave  varies  between  2  q  I  and  1*73  q  I,  where  q  stands  for 
the  number  of  wires  in  each  hole,  and  I  for  the  maxim-urn 
value  of  the  current  in  each  phase.  This  applies,  of  course, 
only  to  an  unloaded  armature.  If  it  is  loaded,  it  slips. 
Currents  are  induced  in  its  conductors  which  react  upon  the 
field.  It  is,  however,  quite  clear  that  a  rotating  field  can 
be  produced  by  a  suitable  winding  supplied  with  three-phase 
current.  Such  a  field  affects  the  armature  in  exactly  the  same 
way  as  the  field  system  in  Fig.  175,  and  we  can  therefore  set 
the  armature  in  motion  by  this  rotating  field  also. 

General  Explanation  of  the  Operation  of  Asynchronous  Motors. 

It  was  shown  in  the  previous  section  that  a  rotating  field 
will  set  up  in  the  armature  conductors  currents  which  in 
combination  with  the  field  produce  a  torque.  The  armature 
consequently  revolves  in  the  same  direction  as  the  field,  but 
not  with  quite  the  same  speed.  The  difference  in  the  speed 
is  essential  to  the  induction  of  an  E.M.F.  in  the  armature 
bars,  which  in  turn  generates  the  armature  currents.  We  will 
limit  our  investigation  first  to  a  two -pole  field,  assuming 
a  frequency  "-^-1  for  the  primary  current.  The  currents 
generated  in  the  armature  would,  if  they  alone  were  present, 
also  generate  a  two-pole  rotating  field,  whose  speed  of  rotation 
with  respect  to  a  fixed  point  in  space  would  also  be  ^^j, 
no  matter  whether  the  armature  is  stationary  or  rotating. 
'The  relative  speed  of  rotation  of  the  armature  field  with 
respect  to  the  armature  itself,  however,  depends  on  the  speed 
of  the  armature.  If  the  armature  rotates  "^-^2  times  per 
second,  the  relative  speed  of  the  armature  field  with  respect 
to  the  armature  bars  is 
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and  this  is  also  the  relative  speed  of  the  primary  field  with 
respect  to  the  armature  bars.  Just  as  with  generators  (see 
page  374),  so  also  in  the  induction  motor  we  have  to  distinguish 
between  four  fields.  Two  are  produced  by  the  primary  or 
field  current,  and  two  by  the  secondary  or  armature  current. 
If  Xx  is  the  excitation  or  number  of  ampere  wires  in  the 
field  system,  this  excitation  produces,  on  the  one  hand,  a  flux 
which  is  linked  with  the  field  wires  and  armature  bars,  and,  on 
the  other  hand,  a  second  flux-  linked  only  with  the  field  wires. 
Similarly  the  excitation,  X2  ampere  wires,  operative  in  the 
armature  produces,  on  the  one  hand,  a  flux  linked  both  with 
the  armature  and  field  conductors,  and,  further,  another  flux 
linked  only  with  the  armature  bars.  In  analogy  with  our 
treatment  of  the  generator  problem,  we  may  designate  that 
flux  which  is  linked  only  with  the  wires  exciting  it  a  leakage 
field,  or  leakage  simply. 

It  is  at  once  clear  from  what  we  have  said  above  that  the 
whole  of  the  field  Fx  generated  by  the  excitation  Xa  does  not 
thread  the  armature  bars,  but  only  a  part  of  it,  which  we  will 
represent  by  ^  Fp  where  ^  is  a  numeric  less  than  unity.  If 
Rx  is  the  magnetic  reluctance  in  the  path  of  the  whole 
field  F 


We  can  therefore  regard  the  relation  between  the  portion 
of  the  field  which  passes  over  into  the  armature  and  the 
excitation  as  though  there  were  actually  the  excitation  tjl  X: 
in  the  armature  bars.  Under  this  assumption  we  can  define 
the  coefficient  rjl  by  saying  that  it  indicates  how  much  of  the 
primary  excitation,  Xp  is  transferred  to  the  secondary  circuit. 
Similarly,  by  means  of  a  second  coefficient,  rj.2,  we  can  indicate 
how1  much  of  the  secondary  excitation  is  transmitted  to  the 
primary  circuit. 

The  primary  field,  FT,  makes  '^•^l  revolutions  per  second, 
and  cuts  the  field  wires  with  the  frequency  ^s^--1.  Con- 
sequently an  E.M.F.  is  set  up  in  them,  which  in  general 
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is  opposed  to  the  exciting  current,  ilt  and  thus  takes  power 
from  the  primary  circuit.  If  the  supply  is  at  constant 
pressure  —  i.e.,  if  the  pressure  exerted  on  the  primary  windings 
is  constant  —  F1  must  also  be  constant  (neglecting  a  small 
correction  for  the  losses),  and  the  power  taken  from  the  supply 
is  proportional  to  il  cos  0,  where  0  is  the  phase  displacement 
between  the  primary  impressed  volts  and  primary  current. 
Since  this  power  disappears  from  the  primary  circuit,  it  must 
reappear  elsewhere.  It  appears  to  a  small  extent  in  copper 
and  iron  losses,  and  the  remainder  appears  as  power  delivered 
to  the  armature.  The  latter  again  consists  of  two  parts,  a 
small  part  representing  the  losses  (copper  losses,  iron  losses, 
mechanical  friction,  and  air  friction),  and  a  large  remainder, 
which  is  simply  the  mechanical  power  delivered  to  the  shaft. 
The  latter  is  given  by  the  product  of  torque  and  angular 
velocity.  The  torque  is  generated  by  the  dynamic  action 
of  the  currents  in,  and  the  field  actually  linked  with,  the 
armature  bars.  The  latter  field  we  will  designate  by  F. 
The  torque  is,  as  is  at  once  clear,  proportional  to  the  product 
of  these  two  quantities.  Now  F  is  not  constant,  but  varies 
with  the  load.  We  may  regard  F  as  the  resultant  of  two 
fields  :  the  one,  F«,  is  self-induced  by  the  armature  current, 
and  the  other  is  generated  by  -an  excitation  which  may  be 
considered  to  be  the  vectorial  sum  of  the  excitations  j/t  Xx 
and  X2.  Since  the  self-induced  field  is  included  in  the 
resultant,  the  current  i.2  is  in  step  with  the  field  F,  and 
may  be  calculated  simply  by  Ohm's  law  from  the  E.M.F. 
induced  by  F  and  the  armature  resistance. 

Before  going  further  into  this  calculation  we  will  investigate 
the  relation  between  the  torque  and  the  power  supplied. 
Hitherto  we  have  assumed  that  the  field  and  armature  are 
wound  for  two  poles.  We  will  now  take  it  quite  generally 
that  we  are  dealing  with  a  motor  of  2  p  poles.  Let  u  be 
the  speed  of  the  armature  in  revolutions  per  second.  Then 


and  the  angular  velocity  of  the  armature  is 
o>  =  2  TT  —=^. 
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If  T  is   the   torque  in    metre-kilogrammes,  the  mechanical 
power  in  kilogrammetres  per  second  is 


The  mechanical  power  in  the  armature  in  watts  is 

P,,,  =  9-81  T  2  TT  ^-2. 
P 

The  power,  P,  transmitted  to  the  armature  electromag- 
netically  must  exceed  this  by  the  amount  of  the  losses.  Of 
these  losses  we  will  neglect  mechanical  and  air  friction  and 
iron  losses,  which  in  point  of  fact  are  very  small.  The  copper 
loss,  which  amounts  to  a  few  per  cent,  of  the  >total  power, 
and  which  is,  as  we  shall  see  later,  indicative  of  the  working 
condition  of  the  motor,  cannot  be  neglected.  Let  us  suppose 
the  armature  to  have  a  three-phase  star  winding,  the  resistance 
of  one  phase  being  r2.  The  loss  in  the  armature  is 

3  r,  iJ, 

and  we  have  Pm  =  P  -  3  r2  i22. 

The  formula  on  the  preceding  page  gives 


Hence  T  = 


P,,,  =  6r6  T^— 2. 

P 
P          P 


6r6 


T  =  —£.  -  (P  -  3  r,  »V)    .     .     .     (74) 
6r6  ^—2 

It  was  pointed  out  above  that  the  excitation  X2  moves  in 
space  with  a  velocity  corresponding  to  a  frequency  ""^i- 
If  X2  operate'  alone,  this  excitation  would  generate  a  field,  F2, 
rotating  in  space  with  a  speed  ^^-Jp  revolutions  per  second. 
But  the  field  Fl  revolves  with  the  same  speed,  and  the  angular 
displacement  between  these  two  fields  will  always  remain 
constant,  therefore,  whether  the  armature  is  revolving  or  not. 
The  strength  of  the  field  F2,  as  well  as  that  of  the  self-induced 
field,  F«,  depends  upon  the  armature  current,  »2.  If  we  keep 
this  latter  constant,  then  the  strength  and  the  relative  position 
of  these  fields,  and  consequently  also  the  strength  of  the  field 
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F,  will  remain  constant,  whether  the  armature  is  stationary  or 
not.  Now  let  us  consider  the  motor  at  work,  and  loaded  with 
Pm  watts  mechanically.  If  we  increase  the  load,  the  speed 
will  be  first  of  all  reduced,  and  "^^  thereby  augmented. 
This  will  result  in  an  increase  of  i.2.  Let  us  suppose  that 
we  insert  a  non-inductive  resistance  into  each  of  the  three 
armature  circuits  to  prevent  this  rise  in  current.  If  we  can 
adjust  this  additional  resistance  at  will,  we  have  a  means 
of  keeping  the  armature  current,  i2,  constant,  and  under  these 
conditions  the  various  fields  will  not  vary,  either  in  strength 
or  in  relative  position,  not  even  if  we  clamp  the  armature. 
If  the  corresponding  additional  resistance  be  R,  the  following 
relation  obviously  holds  : 

~^  =    —  ^      •'....     (75) 
-*_,         r.2  +  R 

Since  z'2  has  still  its  former  value  and  the  field  F  has 
not  changed,  we  still  have  the  same  torque  as  before;  the 
armature,  however,  is  delivering  no  mechanical  work,  since 
it  is  clamped  fast.  The  power  supplied  and  all  the  electrical 
relations  within  the  motor  have  remain  unchanged.  The 
power  therefore  absorbed  in  the  additional  resistance  must 
necessarily  be  the  same  as  that  which  before  was  transformed 
into  mechanical  power  at  the  motor  shaft,  hence 

P»  -  3  R  h2- 
The  efficiency  of  the  armature  must  clearly  be 


P  3  R  zy  +  3  r2  tf 

Pm,  _       R 

P  "   R  +  r2' 
From  (75)  we  have 
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The  efficiency  of  the  armature  is  therefore  given  by  the 
ratio  of  the  frequencies.  A  small  correction  is  necessary 
here,  since  we  neglected  the  iron  losses  and  mechanical 
losses  in  arriving  at  this  equation.  The  actual  efficiency  is 
somewhat  lower  owing  to  this.  The  percentage  slip  is 


Since   — — -  is   approximately  the   efficiency  of  the    arma- 

"    \ 

ture,  i—— — ?  is   approximately  the   fractional   loss,   and  we 

i 

can  consequently  say  that  the  percentage  slip  gives  approxi- 
mately the  percentage  loss  in  the  armature.  In  order  that 
the  efficiency  of  the  motor  as  a  whole  may  be  high,  the  iron 
and  copper  losses  in  the  field  and  the  slip  must  be  small. 

A  second  equation  can  be  obtained  for  the  turning  moment 
in  metre-kilogrammes  from  the  equations  (74)  and  (76). 

(P»  +  3  rt  V)     •     •     1     (77) 


6r6 

The  conception  introduced  above  of  an  additional  resistance 
has  the  advantage  that  we  can  study  what  goes  on  in  the 
motor  by  assuming  the  armature  to  remain  stationary,  and 
we  are  then  concerned  with  a  stationary  transformer,  which, 
however,  differs  essentially  from  an  ordinary  transformer  in 
two  respects.  In  the  first  place,  it  has  much  more  leakage, 
and,  secondly,  the  fluxes  are  not  rigidly  confined  to  definite 
paths.  With  an  ordinary  transformer,  it  may  fairly  be 
assumed  that  the  flux  of  the  field  common  to  both  windings 
is  linked  with  the  full  number  of  turns  of  each  winding.  This 
is  not  the  case  in  the  motor.  The  windings  do  not  constitute 
compact  coils,  but  are  distributed  over  the  surfaces  of  the 
field  and  the  armature,  so  that  they  are  not  all  simultaneously 
affected  by  the  lines  of  the  fluxes,  nor  all  to  the  same  extent. 
Further,  the  current  strength  in  the  individual  conductors 
varies  within  the  limits  of  the  pitch,  so  that  a  graphic  repre- 
sentation of  the  induction  as  a  function  of  circumferential 
distance  from  a  point  on  the  circumference  no  longer  gives 
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rectangles  with  the  corners  rounded  off  and  filled  out  as  in 
the  case  of  a  generator,  but  curves  of  a  sinusoidal  shape.  We 
are  consequently  unable  to  employ  the  coefficients  k  given  in 
the  tables  on  pages  342  and  343  in  calculating  the  induced 
E.M.F.,  but  must  proceed  otherwise  in  performing  the  calcula- 
tion, a  problem  to  which  we  will  now  apply  ourselves. 

Calculation  of   Flux,  E.M.F.,  and  Torque. 

To  prevent  the  problem  from  being  altogether  too  compli- 
cated, we  will  assume  that  the  pressure  impressed  on  the 
motor  follows  a  sine  law,  and  that  the  primary  current  also 
follows  this  law.  The  conformation  of  the  field  due  to  the 
primary  current  (if  this  were  working  alone)  depends  upon 
the  arrangement  of  the  windings.  As  a  rule,  the  field,  when 
it  is  to  be  supplied  with  three-phase  current,  is  wound  with  a 
creeping  drum  winding  (c.f.  Fig.  123),  but  a  coil  winding  with 
S  =  cr/3  may  also  be  employed.  The  first  would  give  a  fairly 
sinusoidal  curve  of  induction,  the  second  less  so.  We  will 
calculate  the  deviations  as  follows.  First  estimate  the  area 
of  the  curve  of  induction,  and  obtain  the  sine  curve  which 
will  have  the  same  area  on  the  same  base  a-.  The  amplitude 
of  this  ideal  sine  curve  gives  the  maximum  induction  in  the 
air-gap.  We  calculate  the  induced  E.M.F.,  not  from  the 
actual  induction  curve,  but  from  the  ideal  induction  curve  of 
equal  area — i.e.,  of  equal  total  flux. 

We  will  only  consider  three  of  the  possible  modes  of  winding 
the  field — viz.,  two  for  three-phase  and  one  for  two-phase. 
For  the  armature  there  is  yet  a  further  winding,  called  a 
"  squirrel-cage  winding,"  to  be  considered  in  connection 
with  these  three.  It  consists  of  a  large  number  of  bars 
joined  at  each  end  of  the  armature  by  massive  short-circuiting 
rings.  An  equivalent  winding  consists  of  a  large  number  of* 
bars  connected  by  end  connections  in  pairs  or  in  groups  of  a 
larger  number,  so  as  to  form  separate  independent  loops.  We 
have  therefore  the  four  following  windings  : 

i     Squirrel-cage  or  separate  loop  windings. 

2.  Three-phase  coil  windings  with  S  =  o-/3. 

3.  Two-phase  coil  windings  with  S  =  o-/2. 

4.  Three-phase  creeping  bar  windings  with  S  =  |  <r. 
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On  the  assumption  that  all  the  fields  follow  the  sine  law,  the 
current  also  in  each  bar  of  a  squirrel-cage  armature  must  follow 
a  sine  law,  and  the  instantaneous  value  of  the  current  taken 
from  bar  to  bar  may  be  expressed  as  a  sine  function.  If  there 
are  r  bars  in  the  armature,  2  p  poles,  and  q  bars  per  pole,  then 


The  maximum  value  of  the  current  in  one  bar  we  will 
indicate  by  I.  If  every  bar  carried  this  current,  the  current 
density  per  centimetre  of  circumferential  length  would  be 

A  <7     I 

A  =  3 — . 

cr 

The  current,  however,  in  the  bars  lying  to  the  right  and  left 
of  that  one  which  is  carrying  I  amperes  falls  off  according  to 
a  sine  law,  and  the  actual  current  density  is  thus 

A  =  ^—  sin  a, 
cr 

where  we  reckon  the  angle  from  the  bar  in  which  the  current 
is  zero.  To  find  the  magnetising  force  of  all  the  bars  lying 
within  the  pitch,  cr,  we  integrate  for  all  the  ampere  bars 
between  the  limits  of  o  and  <r,  or,  in  angular  measure,  between 
o  and  TT. 


I        a-    fr 
—    x   —    I  sin  « 

(T  7T     J 


x  =  0-9  q  i, 

where  *  is  the  virtual  value  of  the  current  in  one  armature  bar. 
This  excitation  corresponds  with  the  induction,  $,  at  the  crest 
of  the  curve  of  induction.  This  last  is,  of  course,  a  sine  curve 
also. 

r-  ~   i®  =  o-56^.  • 

ID  0  O 

Here  8  stands  for  the  air-gap  between  armature  and  field, 
together  with  an  added  amount  to  make  allowance  for  the 
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teeth  or  strips  between  the  holes  if  this  is  not  small  enough  to 
be  neglected. 

The  area  of  the  induction,  curve  is 


f 

I    sin  a  da, 

J  o 


where 

Multiplying  this  area  by  the  length,  L,  of  the  armature,  we 
obtain  the  total  flux 


F-  0-353         L<r- 
o 

Actually  this  is  not  the  field  produced,  but  a  weaker  field 
results,  owing  to  the  action  of  the  primary  winding.  If  we 
call  the  field  actually  occurring  in  the  armature  F,  the  E.M.F. 
induced  by  it  in  the  bars  may  be  calculated  by  observing  that 
its  maximum  value  is  given  by 

L  18  v  io-8. 
Here  v  =  2  ^^  <r,  and,  consequently, 

E  =  2  -^  $  L  o-io-s, 
the  virtual  value  being 

e  =    N/2  ^^-  IP  L  o-  io~8. 

Substituting   -  F  for  $  L  <r,  we  have 
e  =  —  7^  "'^  F  io~8. 

N/2 

Expressing  the  flux  in  units  of  N  =  io~6  F,  as  before 

e  -  2-22—  -N. 

100 
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We  may  regard  N  as  a  field  actually  existing,  and  of  such  a 
strength  as  to  generate  a  current  in  each  armature  bar  of  the 
value 


Here   r   stands   for  the  resistance  of  one  bar  and  its  end 
connections.     We  thus  have 

2-22   -_    N 


^       _  100  r  «2 

"    2-22  N' 

The  bar  which  is  lying  in  the  strongest  part  of  the  field, 
where  it  has  the  value  $,  exerts  a  force  of  |i  L  I  dynes.  The 
pull  of  the  other  bars  is  generally 

$  L  I  sin2  a. 

The  work  done  by  each  bar  in  moving  through  the  distance 
cr  is  given  in  ergs  by 

_<r 

W  =  ¥  L  I    /     sin2  a  da. 
Jo 

v 

W  =  $  L  I  —  I     sin2  a  da. 

rrJ  0 


Since    I     sin2  a  da  -  -,  the  work  done  is 

Jo  2 


and  the  pull  due  to  the  T  wires  is 

T$  LI  dynes. 

Substituting  -  ?  for  $  L,  the  pull  is 

2  <T 


n  Till*!  dynes. 
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The   turning   moment   at  a  radius  R  centimetres   is  given 
in  dyne-centimetres  by 


To  obtain  the  torque  in  kilogrammetres  we  must  divide  by 
98,100,000.  Inserting  i2  in  amperes,  and  F  in  units  of  io6,  we 
have  to  multiply  the  right-hand  expression  by  io5.  We  thus 
obtain 


T  =  3-58  p    JL    N 

r  \ioo/        \ioo/ 

as  the  torque  in  metre-kilogrammes. 

The  coefficient  3*58,  of  course,  only  holds  for  squirrel-cage 
armatures.  If  the  armature  is  wound  differently,  the  coefficient 
will  change.  We  can,  therefore,  write  as  a  general  expression 
for  the  torque  in  metre-kilogrammes 

T  =  fp  (-2L)  N   (A)    ....     (78) 


,1 

where  /  is  a  coefficient  depending  upon  the  type  of  armature 
winding.  We  can  determine  the  relation  between  ampere 
bars  and  flux  for  other  types  of  winding  in  the  same  way  as 
we  have  done  for  a  squirrel-cage  winding,  so  also  the  induced 
E.M.F.  and  torque.  We  will  proceed  to  do  this  for  a  creeping 
drum  winding  with  S  =  f  cr.  The  phases  overlap  each  other  ' 
by  ^  a-,  and  the  curve  of  induction  is  consequently  fairly 
sinusoidal,  and  does  not  exhibit  great  differences  from  instant 
to  instant.  The  greatest  difference  occurs  between  the  two 
following  points : 

i.  Where  phase  a  has  the  current  I,  and  phases  b  and  c  each 
have  1/2. 
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2.  Where  phase  c  has  no  current,  and  phases  a  and  b  have 
each  I  N/|. 

The  theoretical  form  of  the  curve  of  induction  is  given  in 
Fig.  177  for  both  conditions.  The  corners  are  rounded  off  in 
the  actual  field  of  course. 

We  at  once  see  that 


1-6 


=     >/3 


1-6  8 


FIG.  177. 


The  areas  are 


A2  =  I'oi  -* —  cr. 

We  obtain  the  flux  by  multiplying  the  mean  area  by  the 
armature  length.     Hence 


With  a  true  sinusoidal  field  we  get  the  same  flux  when 
satisfies  the  equation 


1*005 


I'D    S 


r6<$¥-  1-005       qi> 

V2 

Now,  i '6  8  |i  is  simply  the  magnetomotive  force  which  would 
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be  produced  by  the  ideal  equivalent  sinusoidal  field.     For  the 
calculation  of  the  excitation  we  have 
Xj  =  2*22  ql  ilf 

the  subscript  l  indicating  that  the  quantities  relate  to  the 
primary  circuit.  In  the  same  way  if  the  armature  has  a 
creeping  drum  winding,  the  equation 

X2=2'22  q2  *o 
holds.     If  T  is  the  total  number  of  armature  bars 

and  we  further  have 


To  calculate  the  E.M.F.  induced  in  each  phase  of  the 
creeping  drum  winding  by  the  field  F,  we  proceed  as  follows : 
Let  y  be  the  angular  displacement  between  two  adjacent  bars 
of  the  same  phase,  and  ft  the  angle  between  the  first  and  last 
bars  of  a  coil-edge  ;  in  this  case  §  TT.  If  the  first  bar  of  a 
coil-edge  be  at  an  angle  90  deg.  —  a  from  the  crest  of  the 
induction  curve,  the  E.M.F.  induced  in  it  is 
e  =  v  L  $  sin  a. 

In  the  second  bar  it  is 

e  =  v  L  |i  sin  (a  +  y), 

and  so  on.  Since  all  the  q  bars  are  in  series,  the  E.M.F. 
induced  in  this  one  coil-edge  (the  — th  part  of  the  whole 
phase)  is,  in  absolute  measure, 

e  =  Z  v  L  $  sin  (a  +  n  y), 
the  integration  to  be  effected  for  all  values  of  n  between  o  and  q. 

Since  F  =  -  ?S  L  o-  and  v  —  2  a-  "~s^,  we  have 

7T 

e  =  ""—  TT  F  2  sin  (a  +  »  y). 
Effecting  the  summation  gives 

.     q 

sin  1.  y 

2  /  n  —  T      \ 

"Z  sin  (a  +  n  y)  = sin  (a  +  ° yj. 
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But  (q  -  i)  y  =  (3,  and  since  y  is  very  small,  we  may  write 
y/2  instead  of  sin  y/2  ;  hence,  since 


y 


2         2  (q  -  i)' 

2  sin  («  +  n  y)  =  2  ^  I>  sin  (£±^)  sin  («+£). 
p  V  a"?  '  2' 

There    must    clearly    be    some    value    for    a    for    which 

sin    (a  +  '-)    is    unity.      This    will    be    when   a  =   ~,  since 
\          2/  6 

^  =  -  TT,   and   when   a  =  -    the   middle   of    the    coil-edge    is 

3  6 

exactly  under  the  crest  of  the  curve  of  induction,    and   the 
E.M.F.  is  a  maximum  —  viz., 


Since  y  is  a  very  small  angle  and  q  is  large,  we  may  write 
the  above  equation  also  in  the  form 

E=~~,rFi*sin.£. 

P  2 

With  a  creeping  drum  winding 

j3=-7r,  and  sin  £  =  0-865. 
3  2 

Hence  E  =  3'^^Fgx  0*865. 

The  virtual  value,  therefore,  of  the   E.M.F.  induced   in  the 
whole  coil-edge  of  q  wires  is 

e  =  1-84  "~  -  F<7, 
and  for  the  whole  winding  of  one  phase 


100 

where  r  is  the  total  number  of  active  conductors  in  one  phase. 

This  formula  is  applicable  both  to  the  armature  and  to  the 
field,  if  both  have  the  same  winding  with  S  =  §  <r. 

The  coefficient  for  the  squirrel-cage  winding  was  2'22  instead 
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of  1*84.  The  explanation  of  this  difference  is  to  be  found  in 
the  fact  that,  owing  to  the  distribution  of  the  coil-edge  over 
S  =  |  a;  the  majority  of  the  bars  lie  in  a  weaker  field,  and  the 
total  cutting  of  the  lines  of  force  is  less. 

In  terms  of  practical  units,  we  have  for  the  armature 

.   1-84  ^Nr" 


ioo  r 

Now  T  =  r/3,  wherefore 

0*613  "'"•*-' 

2      = 


ioo  r 
Here  r  is  the  resistance  per  phase  in  ohms. 

^  ioo  r  i2 

1-84  N  T' 

_       =  ioo  r  t.   3 
1-84  N    r  ' 

The  turning  moment  may  be  arrived  at  in  the  same  way 
as  for  the  squirrel-cage  winding,  or  as  follows.  The  power  in 
the  three  phases  is 

3  «s  *'»  =  3  x  1*84  —  —  N  r'  to. 
ioo 

The  work  in  joules  done  during  a  half-period  is 
3  ^  h 

2  ""  —  ' 

and  in  kilogrammetres  (see  page  29) 
0*102  x  3  ez  i2 


This  amount  of  work  is  also  equal  to  the  product  of  torque 
and  the  angle  irjp  corresponding  to  one  half-period.  There- 
fore, writing  T  for  the  torque  in  kilogrammetres, 

T  1L  =  ^^  x  3  x  1-84  N  -Z-  i, 

2  IOO     2 


ioo/         ioo/ 

29 
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Inserting  the  total  number  r  of  armature  bars,  we  have  to 
divide  the  coefficient  by  3  ;  this  gives  3  very  approximately, 
and  we  obtain 


T  =  3M—    N  (-M  kilogrammetres. 
r  Vioo/       Vioo/ 

We  may  calculate  magnetising  force,  E.M.F.,  and  torque 
for  other  types  of  winding  in  the  same  way.  It  is  not  neces- 
sary to  give  the  calculations  here  in  detail,  as  that  would 
merely  amount  to  repetition.  It  will  suffice,  therefore,  to  give 
the  results. 

The  following  meanings  will  be  attached  to  the  symbols 
employed  : 
T  the  total  number  of  active  conductors  in  the  armature,  or 

field,  for  any  number  of  phases ; 

T  the  number  of  bars  in  one  phase  (for  a  squirrel-cage  T  —  i) ; 
N  the  flux  in  units  of  io~6  lines ; 
e  the  E.M.F.  in  volts ; 

*  the  virtual  current  m  one  conductor  in  amperes ; 
X  the  exciting  power  in  ampere-wires  ; 
$  the  height  of  the  crest  of  the  curve  of  induction  ; 
S  the  length  of  air-gap,  including  an  addition  to  allow  for  the 
reluctance  of  the  iron  between  the  holes  when  this  is  not 
so  small  as  to  be  negligible ; 
T  the  turning  moment  in  metre-kilogrammes  ; 
x,  x,  k,  f  are  coefficients. 

N  =  0-4  X  L  |  10-0 (79) 

X  =  x  —  i (80) 

2p 

X  =  x  —  i  (81) 


k—  -  NT' (82) 

100 
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The  coefficients  x,  x,  k,  and  /  are  to  be  taken  from  the 
following  table : 


Type  of  Winding. 

x' 

x 

k 

/ 

Squirrel-cage  or  looped  ." 



0-90 

2-22 

3-6 

Three-phase  coil  S  =  _ 
3 

2-58 

0-86 

2-12 

3-4 

Two-phase  coil  S  =  - 
2 

1-62 

0-81 

2-00 

3-2 

Three-phase  creeping.  .  .  S  =  —  ff 
3 

2-22 

0-74 

1-84 

3-0 

The  first  line  of  the  table  refers,  of  course,  only  to  the 
armature,  the  others  apply  equally  to  the  armature  and  field. 
It  will  be  seen  that  the  material  is  more  usefully  employed  in 
a  three-phase  coil  winding  than  with  a  two-phase  coil  winding, 
and  in  the  latter  better  than  in  the  creeping  winding.  This 
last,  however,  has  the  advantage  of  giving  a  better  curve  than 
the  two  others.  Let  us  imagine  the  armature  windings  to  be 
opened,  and  the  E.M.F.  induced  in  them  to  be  measured. 
Let  us  measure  the  E.M.F.  impressed  on  the  field  at  the  same 
time,  and  indicate  the  two  values  by  e%  and  e1  respectively. 
If  we  know  the  number  of  turns,  r2  and  TJ,  the  fluxes  in  the 
field  and  armature  may  be  calculated  from  these  values. 
The  flux  in  the  latter  is  less  by  the  leakage.  In  this  way 
the  primary  leakage  with  an  open-circuited  armature  may 
be  determined,  or  the  leakage  when  the  machine  is  running 
light,  since  the  armature  current  is  then  very  small.  If  the 
field  and  armature  have  the  same  type  of  winding 

_NI.    =    VL*   and  *•-  2LQ 

ft  NI         e2  TI  el  TS 

where  ^  indicates  how  much  of  the  primary  field  is  linked 
with  the  secondary  windings  ;  i  -  ^  is  therefore  the  primary 
leakage  coefficient.  If  the  type  of  armature  winding  is  different 
from  that  in  the  field,  a  correction  must  be  made  by  introducing 
the  coefficient  k  given  in  the  above  table. 

Theory  of  the  Asynchronous  Motor. 

In  the  last  section  but  one,  we  showed  that  the  relations 

29* 
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between  the  electrical  quantities  of  a  motor  are  not  changed 
if  the  armature  is  held  fast,  and  at  the  same  time  the  armature 
current  kept  constant,  by  the  insertion  of  rheostats,  at  the  value 
it  would  have  when  running  normally.  The  power  absorbed 
in  the  rheostat  is  then  exactly  equal  to  the  mechanical  power 
that  would  be  developed  when  running  normally.  The 
advantage  of  this  point  of  view  is  that  it  enables  one  to 
make  calculations  concerning  the  motor  as  though  it  were  a 
stationary  transformer.  We  will  now  deal  with  the  problem 


in  this  manner.  Let  ""^^  indicate  the  frequency  of  the 
impressed  voltage,  then  all  fields,  pressures,  and  currents  in 
the  motor  will  have  this  same  frequency  -~-^.  If  e  is  the 
E.M.F.  of  one  phase  of  the  armature,  r  the  resistance 
(including  that  of  the  rheostat),  and  i%  the  current,  then  the 
field  actually  linked  with  the  armature  windings  is  given  in 
terms  of  these  data  by  the  equation  (82) 


N 


100  r  t2 

k   *^s^ 


This  field  is  given  in  the  vector  diagram  (Fig.  178)  by  the 
line  O  A.  It  generates  an  E.M.F.  whose  vector  is  directed 
downwards,  and  coincides  with  the  current  vector,  i.2.  The 
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current    induces  the  field,   NS)   and  this  field  an  E.M.F.,  £«. 
whose  vector  lags  90  deg.  behind  the  current.     An  E.M.F., 

c,~  k  ^ 


100 

equal  and  opposite  to  it,  whose  vector  lies  horizontally  to  the 
left,  must  therefore  be  also  impressed.  The  vector  of  N8  must 
therefore  be  directed  vertically  upwards.  It  is  given  by  the 
line  A  B.  In  order,  therefore,  that  the  field  O  A  may  actually 
be  produced,  the  field  O  B  must  be  impressed  upon  the 
armature  by  the  excitation  due  to  both  circuits.  Since  the 
excitation  vectors  coincide  in  position  with  the  field  strength 
vectors,  we  can,  by  choosing  a  suitable  scale  for  the 
excitation,  represent  it  by  the  vectors  for  the  field  strength. 
O  B,  therefore,  measured  to  this  scale  would  simply  be  the 
resultant  of  the  excitations  in  the  armature  and  field,  in  so  far 
as  they  mutually  interact.  The  armature  excitation  which  is 
not  transmitted  is  linked  with  the  armature  windings  them- 
selves, and  generates  the  leakage  field  Ng  If,  therefore,  O  C' 
is  the  vector  of  the  total  excitation  in  the  armature  expressed 
in  ampere  wires 

>/2  O  C'  =  O  C, 

the  vector  of  that  excitation  which  is  transmitted  to  the 
primary  windings  ;  then  C  C'  must  equal  A  B. 

O  B  is  the  resultant  of  O  C  and  O  D  where  for  the  primary 
field 

O  D  =  ft  O  D'. 

Since  D  D'  generates  self-induction 
D  D'  =  B  E, 

the  self-induced  field  due  to  the  primary  current  is  N1}  and 
O  E  =  N,  is  the  field  actually  linked  with  the  primary 
windings.  We  thus  have  in  the  machine  two  fields  actually 
present  —  viz.  : 

O  A  =  N   ...  actually  linked  with  the  armature  windings. 
O  E  =  Nj  .   .  .  actually  linked  with  the  field  windings. 
Besides  these,  we  can  also  consider 
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O  B  =  Nr  .  .  .  as  a  resultant  field,  which,  however,  threads 

neither  one  of  the  two  circuits  alone. 

The  field  NX  generates  a  back  E.M.F.,  to  overcome  which 
an  E.M.F. 

e\  =  k  —  -  N!  r\ 

100 

must  be  impressed.  Its  vector  is  perpendicular  upon  O  E. 
Let  it  be  given  by  the  line  O  F.  Besides  this,  in  order  to 
overcome  the  ohmic  resistance  of  the  primary  winding,  a 
further  E.M.F., 

h  ?i  =  F  G, 

must  be  impressed  in  step  with  the  primary  current. 
Consequently  -an  E.M.F., 

el  =  O  G, 

must  be  impressed  on  the  primary  terminals  of  the  motor. 
The  primary  current  is  given,  according  to  equation  (81),  by 

O  D'  =  X    =  ^Il_!i, 


where  TI  stands  for  the  total  number  (all  phases  and  poles 
included)  of  wires  in  the  field. 

In  the  same  way  the  armature  current  may  be  calculated 
from 

*  Tz  *2. 

2p 

The  relation  between  X1?  X2,  and  N  is  given  by  equation  (79) 
as  N  =  0-4  X  L  -  io-°, 


where  X  =       ^2  X^  -  X22. 

If  n  is  the  number  of  phases,  the  power  in  watts  is  obtained 
from  equations  (81)  and  (82)  as 


Now,  for  every  type  of  winding  and  any  number  of  phases, 
we  see  from  the  table  that 

-   2-46, 
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and  is,  therefore,  a  constant.  Since,  upon  our  assumption  of 
a  fixed  armature,  "~"^  has  the  same  value  for  both  circuits, 
and  the  number  of  poles  is  necessarily  the  same  in  both,  the 
following  equation  for  the  output  in  watts  must  hold  true 
universally,  no  matter  what  the  number  of  phases  in  the  field 
or  in  the  armature  : 

P  =  2-46  2^  ~^  N  X  cos  d>. 
TOO 

The  power  is  therefore  proportional  to  the  product  of  the 
field  strengths  and  exciting  powers  actually  produced.  In  the 
armature  cos  0  =  i,  and  the  power  may  be  represented  to 
a  suitable  scale  by  the  area  of  the  rectangle  O  A  H  C'. 
Similarly,  the  power  given  to  the  primary  circuit  is 

O  E  x  O  D'  x  cos  G  O  D'. 

If  we  disregard  all  losses  in  the  field,  and  the  iron  losses  in 
the  armature,  the  power  delivered  to  the  field  must  be  exactly 
equal  to  that  which  is  developed  as  heat  in  the  armature 
windings  and  extra  resistance. 

This  condition  gives  us  a  means  ready  to  hand  of  deter- 
mining whether  there  is  a  definite  relation  between  the 
coefficients  rj1  and  q2.  We  defined  these  coefficients  by  saying 
that  they  express  how  much  of  the  excitation  due  to  the 
winding  is  transmitted  to  the  other.  This  definition  involves 
the  conception  of  self-induction,  since  we  have  a  self-induced 
E.M.F.  in  each  circuit,  given  by 

es  =  k — —  N8  r, 

IOO 

where  in  the  armature  N,  =  (i  -  tj2)  N,  and  in  the  field 
N*  -  (i  -  fc)  Nx. 

Now,  it  is  at  once  obvious  that  if  the  armature  conductors 
are  deeply  embedded,  and  their  distance  from  the  armature 
periphery  therefore  great,  the  armature  will  have  much  leakage 
and  r]2  will  be  small.  In  this  case  (even  though  the  field  wires 
lie  very  near  to  the  bore  of  the  field)  ^  cannot  be  very  great 
either.  It  is  thus  evident  that  ^  and  tj2  may  both  be  great  or 
both  small;  but  it  cannot  be  that  one  is  great  and  the  other 
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small.     This  naturally  suggests  that  the  two  are  equal,  as  is, 
indeed,  the  case,  for  it  is  only  upon  this  condition  that  the 
geometric  investigation  will  give  equal  power  areas. 
If  n\  =  It  =  *l>  then  in  Fig.  179 

O  D          O  C   _Mj  C  A         O  C 

OC'' 


O  D' 


O  C 


and 


C  H 


The  point  H  thus  lies  on  a  vertical  line  through  D'.     The 
power  supplied  is 

O  D'  x  O  E  cos  <f>  =  O  D'  x  O  E  sin  ^, 

or  twice  the  area  of  the  triangle  O  D'  E.  Similarly,  the  power 
supplied  to  the  armature  is  twice  the  area  of  the  triangle 
O  AC. 


FIG.    179. 

The  area  of  the  triangle  O  D'  E  will  not  be  altered  if  W 
shift  the  apex  E  parallel  to  the  base  O  D'.  We  thus  arrive  at 
the  triangle  O  B  D' ;  the  area  of  the  latter,  however,  will  not 
be  altered  if  we  move  the  apex  D'  to  J — i.e.,  parallel  to  the 
base  B  O.  Half  the  power  supplied  is  thus  represented  by  the 
area  OBJ.  Now 

A  B  =  D  J   and  A  D  =  B  J, 
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The  half  power  is  therefore  given  by  the  area  of  the 
triangle  O  A  D  as  well,  Since 

A  D  =  O  C  and  O  D  =  C  A, 

the  two  triangles,  O  A  D  and  A  O  C',  are  identical  and  their 
areas  equal.  Half  the  power  imparted  to  the  primary  winding 
is  thus  also  represented  by  the  area  of  A  O  C,  and  we  see, 
in  result,  that  only  on  the  assumption  that  ^  =  */2  does  actual 
equality  subsist  between  the  power  supplied  and  the  power 
transmitted.  The  proof  given  here  does  not  hold  if  n\  <  n^ 
Since,  however,  owing  to  the  law  of  the  conservation  of  energy, 
there  must  be  equality  of  the  two  powers,  no  other  ratio  than 
that  of  equality  can  possibly  exist  between  ^  and  >/.2.  For  the 
future,  then,  we  will  write  rj  without  any  subscript,  and  can 
say  that  i  -  rj  is  proportional  to  the  coefficient  of  self- 
induction,  and  YI  to  the  coefficient  of  mutual  induction. 

Until  now  we  have  assumed  the  armature  to  be  held  fixed, 
and  that  the  whole  of  the  power  transmitted  to  it  is  trans- 
formed into  heat.  We  will  now  conceive  the  armature  to 
be  rotating  and  performing  mechanical  work.  The  external 
resistance  must  then  be  reduced,  and  to  an  extent  such  that 
the  sum  of  the  heat  and  the  mechanical  work  is  precisely 
equal  to  the  work  which  was  before  entirely  transformed  into 
heat.  We  can  consequently  determine  the  working  condition 
of  the  motor  from  the  diagram  (Fig.  178).  Let  el  be  the 
primary  impressed  volts  which  may  be  kept  constant,  ^^i 
the  frequency  of  the  primary  voltage,  """^3  that  of  the 
armature,  and  "^^  =  "~"-^i  —  "~N^-2  the  frequency  of  the 
armature  current  referred  to  the  windings,  or,  what  comes 
to  the  same  thing,  the  frequency  with  which  the  armature 
bars  cut  the  armature  field,  N.  Let  the  resistance  in  the 
armature  circuit,  inclusive  of  any  resistance  that  may  be  still 
left  in  the  rheostat,  be  r  in  each  phase,  and  let  the  transforma- 
tion ratio,  n,  be  known. 

By  assuming  definite  values  for  two  of  the  variables — 
e.g.,  •""^  and  N — we  can  determine  all  the  rest  by  a  vector 
diagram  like  that  in  Fig.  178.  We  should  determine  e1  also 
by  this.  This  value,  however,  is  already  known.  In  order 
to  make  this  solution  fit  this  condition,  we  must  subsequently 
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modify  one  of  the  arbitrarily  chosen  qualities,  preferably  N, 
in  the  same  ratio  as  that  in  which  el  comes  out  too  large 
or  too  small. 

The  procedure  -is  as  follows :  Assuming  values  for  ^  ^ 
and  N,  we  first  calculate  t'2  according  to  the  equation  (84), 
and  then  employ  this  in  equation  (81)  to  calculate  the  total 
excitation,  X2,  due  to  the  armature.  This  gives  the  length 
X.,  -  O  C'  in  the  diagram  (Fig.  178).  We  obtain  the  length 
X  —  O  A  from  equation  (79),  and  tj  being  known,  we  also  find 

C  C  =  O  C'  x  i/, 

and  make  A  B  =  C'  C. 

The  line  O  B  gives  the  result-ing  excitation.  X ,.  We  now 
make  B  D  =  C  O. 

Then  Xx  rj  =  O  D  gives  that  part  of  the  field  excitation 
which  is  transmitted  to  the  armature.  Increasing  now  the 
line  O  D  by  that  amount,  so  that 

O  D  =  O  D'  x  fj, 

we  get  Xt  =  O  D'  representing  the  total  field  excitation. 
By  the  aid  of  the  equation  (80)  we  can  find  the  primary 
current,  ilt  from  this.  The  actually  existing  primary  field  is 
proportional  to  the  excitation,  O  E,  and  may  be  obtained 
from  equation  (79)  by  substituting  the  value  O  E  for  X. 
Having  Na  we  find,  bearing  in  mind  that  """>-*!  is  the  frequency 
for  the  primary  winding,  by  reference  to  equation  (82)  that 

^'  =  O  F. 

The  pressure  drop  due  to  ohmic  resistance  given  by  F  G 
must  be  added  vectorially  by  putting  F  G,  of  course,  parallel 
to  the  line  O  D'.  We  thus  obtain 

«i  -  O  G, 

the  primary  pressure  which  must  be  impressed  in  order  that 
the  slip,  ^^,  and  the  field,  N,  actually  set  up  in  the  armature 
may  have  exactly  those  values  on  which  we  based  the  con- 
struction. It  would  be,  of  course,  sheer  accident  if  we  had  hit 
the  exact  value  when  choosing  N  so  that  O  G  should  come 
out  equal  to  the  specified  volts.  Usually  this  will  not  be  the 
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case.  The  correction  is,  however,  easily  made.  We  need 
only  bear  in  mind  that  F  G  is  proportional  to  the  current, 
and  O  F  to  the  primary  field,  Nlf  generated  by  the  excitation, 

0  E.     Now  all  the  excitations,  and  consequently  all  the  fields, 
are  proportional  to  the  currents.     We  do  not,  therefore,  need 
to  draw  the  diagram  even  once  again,  but  merely  to  alter  the 
scale  for  the  excitations  in  the  same  ratio  as  we  have  to  alter 
the   scale   for   the    volts   in    order   that    O    G    may   correctly 
represent  the  primary  impressed  volts.     In  this  manner  we 
obtain,  for  the  assumed  slip,  correct  values  for  N,  i.2,  and  ilt 
and  the  turning  moment  also  from  equation  (83). 

The  Circle  Diagram. 

The  method  described  in  the  previous  section  suffices  for 
the  solution  of  all  problems  arising  in  connection  with  the 
working  of  asynchronous  motors ;  it  is,  however,  clumsy,  and 

1  have  only  gone  into  it  in  detail  because  of  its  great  utility 
in  making  the  conditions  thoroughly  clear.     For  practical  pur- 
poses the  so-called   circle  diagram,  as  elaborated  by  Heyland,1 
is  preferable. 

In  Fig.  180  the  same  lettering  has  been  adopted  as  in  the 
two  previous  figures.  Thus  O  A  represents  the  excitation,  X, 
corresponding  to  the  flux,  N,  actually  existing  in  the  armature, 
O  C'  the  excitation  due  to  the  armature  currents 

X2  =  x  ^  i,, 
2p    - 

and  O  C  is  that  part  of  this  excitation  which  is  transmitted  to 
the  field  windings  ;  so  that 

n  X2  =  E  D'. 

Of  the  total  field  excitation, 

X,  =  O  D',  ' 

1  See  Heyland,  "  Ein  graphisches  Verfahren  zur  Vorausberechnung  von  Trans- 
formatoren  und  Mehrphasenmotoren  "  (Elektrotcchnische  Zeitschrift,  1894,  Heft  41)  ; 
Bedell  and  Crehore,  "Action  of  a  Transformer,  etc.'r  (Elechical  Woild,  1894, 
Nos.  6,  8,  10,  15);  Behrend,  "Ein  Beitrag  zur  Theorie  der  £)rehstrommotoren " 
(E.  T.  Z.,  1896,  Heft  5);  Blondel,  "Zur  graphischen  Theorie  der  Mehrphasen- 
motoren" (E.  T.  Z.,  1896,  Heft  24);  Rotheit,  "  Praktische  Vorausbestimmung  der 
Drehstrommotor-Diagramme  "  (E.  T.  Z.,  1898,  Heft  44).  In  the  text  I  have  chiefly 
followed  Behrend's  work. 
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the  part  n  Xl  =  O  D 

is  transmitted  to  the  armature.     The  primary  excitation  is 


By  a  suitable  choice  of  the  scales,  O  D'  may  represent  the 
primary  current,  and  E  D'  the  secondary  current.  If  we 
neglect  the  losses  in  the  field,  O  E  is  perpendicular  upon  the 
vector  *!,  the  impressed  volts;  and  if  this  is  constant,  then 
O  E  has  a  constant  value.  If  we  draw  a  vertical  line,  D'  S 
on  O  E,  then 

angle  S  D'  E  =  angle  EGA. 


sin 


OL 


O  L 


X, 


O  D' 


O  L  =  «.  O  E 


.  O  E 
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E  D'  =  n  X2 
E  D'  =  — ^— 2  O  E  sin  j8  .     .     .     .     (85) 

I      —     Y\ 

Since  r\  and  O  E  are  both  constant,  (85)  is  the  equation  to  a 
circle  whose  diameter  is 

ME-   — ^ — O  E. 

The  points  D'  lie  on  this  circle.  Since  L  A  O  is  a  right- 
angled  triangle,  the  points  A  also  lie  on  a  circle  whose 
diameter  is  O  L  —  rj  O  E. 

When  the  motor  is  running  light,  X.2  is  nearly  zero  and 
D'  nearly  coincides  with  E.  On  no  load,  therefore,  O  E  is 
the  primary  excitation.  If  ilo  is  the  no-load  current,  then, 
from  (79),  (80),  and  (82), 

N,  -      «»*_. 


0'4  Xj  L  —  10" 


We  can  thus  calculate  the  no-load  current,  ilo.  If  we 
choose  the  scale  for  the  primary  current  so  that 

»io  =  O  E, 

then  the  primary  current  when  loaded  will    be  given  on  the 
same  scale  by  the  length  O  D'. 

*\  =  O  D'. 

If  the  field  and  armature  are  both  wound  alike,  then  the 
length  E  D'  gives  to  the  same  scale  the  armature  current 
multiplied  by  */.  If  the  types  of  winding  are  different,  the 
scale  must  be  modified  in  the  ratio  of  the  value  of  #'  in  the 
table  on  page  45. 

According  to  equation  (83)  the  torque  is  proportional  to  the 
product  N  *2 — i.e.,  to  O  A  x  E  D'.  O  A,  however,  is  the  same 
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as  O  L  cos  ft,  and  consequently  also  proportional  to  O  E  cos  ft. 
Since  O  E  is  constant,  we  may  consider  the  torque  to  be 
proportional  to  E  D'  cos  ft.  The  height  of  the  point  D' 
beyond  the  diameter  of  the  semi-circle,  M  E,  is  thus  a  measure 
of  the  torque. 

The   slip,    ^^,    can   also   be   determined   from   the  circle 
diagram.     Since 

i,  =  ^-  k  N  r2' 
100  r 

and  iz  is  proportional  to  the  length  O  C,  we  may  put  the 
slip,  ^_ ,  down  as  proportional  to  the  ratio  O  A/O  C.  Then, 
if  e  is  a  numerical  coefficient, 

O  C 


O  A 
E  D'  E  D' 


O  L  cos  ft          O  E  n  cos  ft    ' 

O  E  and  >/  are  constant.     If  we  draw  a  perpendicular  on  E  Dr 
through  E  so  that  it  cuts  the  vertical  through  D'  in  S,  then 


.cos/3 
~«  =  —  L_  S  D'. 

O  E  r, 

The  slip  is,  therefore,  given  as  a  frequency  —  i.e.,  as  the  re- 
ciprocal of  a  time  —  by  the  relation  of  two  lengths  —  viz.,  e  S  D' 
and  rj  O  E.  Since  the  latter  is  a  constant  and  e  a  numerical 
coefficient,  the  length  S  D'  represents  the  slip  to  a  suitable 
scale.  If  the  slip  has  been  calculated  for  one  working  con- 
dition, it  may  be  found  for  all  other  working  conditions  by 
the  construction  just  described,  and  expressed  as  a  percentage 
slip  by  the  ordinates  of  the  curve,  s  s.  At  starting  the  slip  is 
100  per  cent.,  and  the  torque  is  given  by  the  height  of  the 
point  D0;  the  primary  current  is  O  D0,  and  the  armature 
current  E  D0. 

In  motors  which  have  a  low  armature  resistance  the  slip  is 
small  and  the  armature  efficiency  high.  At  the  same  time, 
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however,  the  starting  torque  is  low.  To  increase  this,  a 
resistance  is  inserted  in  the  armature  at  starting  and  subse- 
quently gradually  cut  out.  Since  the  torque  is  proportional 
to  the  height  of  the  point  D'  above  the  diameter  of  the 
circle,  the  maximum  attainable  torque  may  be  obtained 
directly  from  the  diagram.  It  is  proportional  to  the  radius 
of  the  semi-circle,  M  E.  The  maximum  power  factor  occurs 
when  O  D'  is  a  tangent  to  the  circle.  In  Fig.  180  unfavourable 
relations  have  been  chosen  to  obtain  clearness  in  the  con- 
struction. In  practice,  O  E  is  very  much  smaller  in  relation 


to  the  diameter  of  the  circle,  M  E,  so  that  cos  0,  when  O  D' 
forms  a  tangent  to  the  circle,  is  of  the  order  075  to  o'g.  The 
transformation  factor,  rj,  is  of  the  order  0*93  to  0*97. 

The  magnetic  and  mechanical  losses  in  the  armature  diminish 
the  torque.  •  It  may,  without  much  error,  be  assumed  that  this 
diminution  is  independent  of  the  speed.  The  torque  corre- 
sponding to  the  losses  is  easily  calculable,  and  is  the  ordinate 
of  the  dotted  line,  M'  E'. 

The  actual  available  torque  is  then  given  by  the  height  of 
the  point  D  above  the  dotted  line,  M'  E'.  At  starting  it  is 
D0  E0.  If  the  relations  between  the  various  quantities  have 
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been  found  from  the  circle  diagram,  they  may  be  represented 
by  curves,  in  whidh  it  is  most  convenient  to  use  as  abscissae 
the  percentage  slip,  or,  what  comes  to  the  same  thing,  the 
speed  of  revolution  of  the  armature,  and  all  other  magnitudes 
as  ordinates.  Fig.  181  gives  a  diagram  of  this  kind  for  a 
6o-h.p.  motor  made  by  the  Oerlikon  Factory.  It  is  taken 
from  Behrend's  work  above  referred  to. 
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CHAPTER  XIX. 

Machines  for  Converting  from  One  Kind  of  Current  to 
Another — Relation  between  Alternating  and  Direct  Pres- 
sure— Use  of  Materials— Single -Phase  Rotary  Converter 
Working  in  Phase — Single -Phase  Rotary  Converter  Working 
with  Phase  Displacement — Four- Phase  Rotary — Three- Phase 
Rotary— Six -Phase  Rotary— Epitome  of  Results. 

Machines  for  Converting  from  One  Kind  of  Current  to  Another.1 

Single  or  polyphase  alternating  currents  are  to  be  preferred 
to  direct  currents  for  the  transmission  of  power  to  great 
distances  owing  to  the  possibility  of  employing  very  high 
pressures  therewith,  since  it  is  possible  to  maintain  con- 
tinuous insulation  of  the  whole  circuit.  There  is  the  further 
advantage  with  three-phase  circuits  of  a  saving  in  copper,  as 
was  shown  in  Chapter  XVI. 

For  certain  purposes,  however,  a  direct  current  is  either  the 
only  kind  of  current  it  is  possible  to  use,  or  it  is  at  least  far 
more  advantageous  than  an  alternating  current,  and  it  is 
therefore  necessary  to  provide  machines  and  apparatus  by 
which  the  current  may  be  converted  from  one  kind  to  the 
other.  By  this  means  we  are  able  to  avail  ourselves  to  the 
full  of  the  advantages  which,  on  the  one  hand,  are  offered 
by  alternating  currents  as  regards  transmission,  and,  on  the 
other  hand,  by  continuous  currents  for  special  purposes. 

The  conversion  from  one  to  the  other  may  be  effected  in  two 
ways :  either  an  alternating-current  motor  is  employed  to  drive 
a  direct-current  generator,  or,  as  already  shown  on  page  311, 
a  dynamo  machine  whose  armature  is  wound  both  for  alter- 
nating and  direct  currents.  The  armature  then  has  slip  rings 

1  The  theory  of  the  converter  which  is  developed  here  is  taken  from  an  article  by 
the  author  in  the  Elektrotechnische  Zeitschrift,  1898,  Nos.  37  to  39. 

30 
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as  well  as  the  usual  commutator,  the  former  being  connected 
to  certain  points  in  the  armature  winding.  Alternating  current 
is  delivered  by  brushes  to  these  slip  rings,  while  direct  current 
is  taken  in  the  usual  way  from  the  commutator  by  another  set 
of  brushes.  A  modified  arrangement,  obtained  by  providing 
the  same  armature  core  with  two  independent  windings  (one 
for  direct  current  and  the  other  for  alternating),  makes  it 
possible,  it  is  true,  to  vary  the  ratio  between  the  pressures 
as  much  as  may  be  desired,  but  has  various  disadvantages. 
In  the  first  place,  the  winding  is  more  complicated  ;  secondly, 
the  weight  of  copper  and  the  heating  are  much  increased  ; 
and  thirdly,  the  insulation  between  the  two  windings  is 
extremely  difficult.  It  is  this  latter  circumstance  particularly 
which  makes  the  advantage  to  be  derived  from  varying  the 
ratio  of  the  pressures  to  any  desired  degree  imaginary,  when 


FIG.  182. 

high-pressure  alternating  current  is  to  be  transformed  to  a 
direct  current  of  moderate  pressure.  To  such  purposes  the 
rotary  converter  is  particularly  applicable.  It  is  then  necessary 
first  to  transform  the  high-tension  alternating  current  to  a 
lower  tension,  and  since  the  ratio  of  the  transformer  windings 
may  be  given  any  desired  value,  the  alternating  pressure 
delivered  to  the  armature  may  be  made  to  correspond  exactly 
with  the  desired  direct-current  pressure.  A  separation  of  the 
armature  windings  into  two,  one  for  each  kind  of  current,  is 
thus  rendered  superfluous,  and,  in  point  of  fact,  for  the  reasons 
above  stated,  positively  disadvantageous. 

The  only  machines,  therefore,  of  practical  importance  for 
the  conversion  of  alternating  into  direct  currents  are  motor- 
generators  and  rotary  converters. 

A  diagrammatic  representation  is  given  in  Fig.  182  of  a 
motor-generator  for  converting  from  three-phase  to  direct 
currents.  Aw  is  the  armature  of  a  synchronous  three-phase 
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motor  with  its  slip  rings,  S  ;  A,,  is  the  direct-current  armature 
with  its  commutator,  C ;  a,  b,  c  are  the  alternating-current 
leads,  and  d,  e  the  direct-current  circuit.  The  field  magnets 
are  not  shown.  Clearly  an  asynchronous  instead  of  a 
synchronous  motor  might  be  used ;  but  the  latter  will 
generally  be  preferred,  since  its  employment  enables  the 
current  phase  in  the  three-phase  circuit  to  be  thrown  forward 
somewhat,  thus  producing  a  greater  efficiency  in  the  generator 
in  the  power  station  and  also  in  the  line.  If  single -phase 
currents  are  generated  in  the  power  station,  the  only  alteration 
in  Fig.  182  would  be  that  Aw  has  a  single -phase  winding 
instead  of  a  three-phase,  and  is  provided  with  two  slip  rings 
only  instead  of  three.  Since  the  windings  are  separate, 
the  direct-current  voltage  is  independent  of  the  alternating 
pressure,  and  the  insertion  of  a  transformer  on  the  alternating 
side  is  only  required  if  the  pressure  is  higher  than  that  for 
which  the  motor  can  conveniently  be  wound  and  insulated. 
Since  motors  can  be  built  quite  well  for  pressures  of  several 
thousand  volts,  provided  their  power  is  not  too  small,  this 
system,  as  a  rule,  renders  a  preliminary  transformation  of  the 
alternating  current  unnecessary,  and  no  apparatus  is  required 
beyond  the  machine  indicated  in  Fig.  182. 

If,  however,  a  rotary  converter  is  employed,  the  ratio  of 
alternating  to  direct  volts  can  no  longer  be  chosen  at  will, 
since  both  are  generated  in  the  same  armature  winding.  This 
ratio  is  derived  from  the  formulae  for  the  E.M.F.  of  continuous 
and  alternating  machines  as  follows  : 

Ratio  of  Direct  Pressure  to  Alternating  Pressure. 

The  E.M.F.  of  a  direct-current  armature  at  no  load  is 

ed  =•  p  FT~IO-S  * 

if  the  armature  is  series  wound,  and  rotates  in  a  field  of 
2  p  poles,  having  r  active  conductors,  a  field  strength  F,  and 
U  revolutions  per  minute. 

Since  ~~  =  p^, 

60 

hence  e<i  =  ^^  F  r  io~8, 

30* 
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In  single-phase  armatures  those  points  in  the  winding  which 
are  at  the  distances  o,  2  TT,  4  TT,  and  so  on,  are  connected  to 
one  slip  ring,  and  the  intermediate  points  at  TT,  3  TT,  5  TT,  and 
so  on,  to  the  other  slip  ring.  In  a  two-phase  armature  two 
more  slip  rings  are  added,  to  one  of  which  are  connected 
points  in  the  winding  at  x/2,  57T/2,  9?r/2,  and  so  on,  and  to 
the  other  3-^/2,  77T/2,  inr/2,  etc.  The  phase  volts  are 
therefore  given  in  each  case  by  the  number  of  conductors 
lying  in  the  space  TT,  the  coil  breadth  being  equal  to  the  pitch. 
We  have  consequently  on  the  alternating  side  to  insert  half 
the  value  of  T,  thus  obtaining  for  the  no-load  alternating- 
current  volts 


k  having  the  value  given  in  the  table  in  Chapter  XV. 

Co.  k 

ed   ~   2 

The  two-phase  armature  is  supplied  through  four  conductors 
insulated  from  one  another  —  viz.,  the  wires  alt  a.2,  for  phase  a, 
and  the  wires  bl}  b»,  for  phase  b.  The  pressure  between  a-^  and 
a2,  or  between  bl  and  b.2,  we  call  the  phase  volts.  Such  an  arma- 
ture, however,  may  also  be  regarded  as  a  four-phase  armature, 
in  which  case  we  designate  the  pressure  between  two  adjacent 
connecting  points  —  e.g.,  o  and  7r/2,  or  7r/2  and  TT,  therefore 
between  a^  and  blt  or  &!  and  a.2  by  line  voltage.  The  line 
voltage  is  clearly  I/V2  times  the  phase  voltage,  and  we  thus 
obtain  an  expression  for  the  ratio  of  the  line  voltage  to  the 
direct-current  voltage  : 

k 

2  N/2 

In  three-phase  armatures,  connections  are  made  at  the 
points  o,  |  TT,  £  TT,  and  so  on,  and  since  only  delta  connections 
are  possible,  the  line  voltage  must  be  equal  to  the  phase  volts. 
On  the  alternate-current  side  of  such  an  armature,  the  value 
for  T  is  one-third  of  the  full  number,  and  the  coil  breadth  i? 
to  be  taken  as  two-thirds  of  the  pitch.  We  thus  have 
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to, 


If  now  we  insert  those  values  for  k  which  correspond  to  the 
pole  breadths  of  f  or  ±  of  the  pole-pitch,  a-,  which  occur  in 
practice,  we  get  the  following  table  for  the  relation  between 
the  alternate-current  volts  and  the  direct-current  volts.  The 
values  given  are  no-load  values. 


p_ 

f 

* 

Kind  of  Current. 

ff 

75 

82 

Single-phase. 

75 
65 
53 

82 
71 
58 

Two-phase. 
Three-phase. 
Four-phase. 

37 

42 

Six-phase. 

The  percentage  given  for  three,  four,  and  six  phase  systems 
refers  to  the  line  voltage. 

These  ratios  vary  but  little  at  full  load.  Since  the  alter- 
nating current  is  a  motor  current,  and  the  direct  current  a 
generator  current,  they  have  broadly  opposite  directions,  and 
their  difference  only  comes  into  play  as  regards  armature 
reaction.  This  is,  however,  small  when  the  phase  displace- 
ment is  low,  and  is  a  vanishing  quantity  when  there  is  no 
phase  displacement.  Any  material  alteration  of  the  E.M.F. 
owing  to  armature  reaction  does  not  therefore  occur,  and, 
further,  in  modern  machines  of  high  efficiency  the  ohmic 
drop  at  the  terminals  can  only  be  very  small,  and  can, 
moreover,  be  calculated  with  the  utmost  ease,  so  that  it 
need  not  be  dealt  with  here  any  further. 

The  above  table  shows  that  the  alternating-current  volts 
are  in  all  cases  lower  than  the  direct-current  volts.  Since 
the  latter  do  not,  in  the  majority  of  cases — as,  for  example, 
in  electric  light  or  tramway  stations — exceed  a  few  hundred 
volts,  the  alternating-current  pressure  to  be  supplied  to  the 
slip  rings  of  the  rotary  is  too  low  for  long-distance  trans- 
mission, and  it  becomes  necessary  to  insert  a  transformer 
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to  reduce  the  high  voltage  of  the  transmitted  current  at  once 
to  a  pressure  suited  to  the  rotary  converter. 

Fig.  183  shows  diagrammatically  this  arrangement  for  trans- 
forming a  high-pressure  three-phase  supply  down  to  a  direct- 
current  supply  of  moderate  voltage.  A  three-phase  transformer 
receives  high-pressure  current  from  the  transmission  line,  a  b  c. 
A  is  the  rotary  converter  armature,  C  its  commutator,  and  S 
its  slip  rings.  In  this  diagram,  again,  the  field  system  is 
omitted. 

Use  of  Materials. 

In  order  to  arrive  at  a  conclusion  as  to  whether  a  motor- 
generator  or  a  rotary  converter  is  preferable,  we  must  investi- 
gate the  two  with  reference  to  their  cost  in  materials  and  their 
efficiencies.  The  motor-generator  has  two  field  systems  and 
two  armatures,  each  for  the  full  output.  Since  the  two  arma- 


FIG.  183.. 

tures  are  upon  the  same  shaft,  there  is  a  saving  of  one  or  two 
bearings,  and  some  saving  in  the  base-plate  as  compared  with 
two  entirely  separate  dynamos.  Otherwise  the  expenditure  in 
material  is  the  same  as  for  two  machines.  Since  mechanical 
power  does  not  have  to  be  supplied  from  an  external  source, 
the  speed  may  be  fairly  high,  and  this  is  favourable  to  the 
efficiency.  The  latter  amounts,  according  to  the  size  of  the 
machines,  to  about  go  or  95  per  cent,  for  each  machine,  and 
has  therefore  a  mean  value  of  about  85  per  cent,  for  the 
combination. 

The  rotary  converter  consists  of  one  machine  only,  and  thus 
has  an  efficiency  of  from  90  to  95  per  cent.,  according  to  its 
size  ;  taking  a  mean  of  92^5  per  cent.,  and  97^5  per  cent,  for 
the  static  transformer,  the  over-all  efficiency  comes  out  at 
90  per  cent. ;  the  latter  is  thus  to  be  preferred  to  the  motor- 
generator. 
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We  can  only  deal  with  the  question  of  the  expenditure  of 
material  after  we  have  investigated  how  far  the  armature 
winding  is  usefully  employed  when  under  demand  for  current 
on  both  sides.  This  investigation  will  be  made  later  on.  We 
will,  however,  at  once  give  the  result,  and  state  that  when 
0  is  o  and  the  alternating  current  is  single-phase,  the 
converter  armature  is  somewhat  larger  than  an  ordinary 
direct-current  armature  of  the  same  output,  but  if  the 
alternating  current  is  polyphase  it  is  considerably  smaller ; 
further,  that  if  there  be  a  phase  displacement,  the  converter 
armature  is  larger  than  if  there  be  none.  Without  going  into 
the  minute  differences  which  can  only  be  determined  in  each 
case  by  careful  calculation,  we  can  consequently  take  it 
broadly  that  a  polyphase  rotary  converter  needs  less  material 
and  costs  less  than  the  direct-current  half  of  a  motor-generator, 
while  the  static  transformer  is  somewhat  cheaper  than  its 
alternate  -  current  half.  The  motor  -  generator  therefore 
demands  somewhat  more  capital  outlay  than  the  transformer 
and  rotary  converter  taken  together.  This  is,  however, 
entirely  on  the  assumption  that  one  is  not  limited  in  the 
choice  of  frequency.  If,  however,  one  is  limited  in  this 
respect,  the  relations  may  be  reversed,  for,  with  too  low  a 
frequency,  the  transformer  will  become  too  dear,  and  with  too 
high  a  frequency,  the  rotary  will  be  too  dear;  it  can  even 
happen  that  a  rational  design  is  altogether  impossible  on 
account  of  the  large  number  of  poles  and  small  number  of 
conductors  required.  In  such  cases  the  employment  of  a 
rotary  converter  must  not  be  countenanced,  and  in  spite  of  the 
lower  efficiency,  a  motor-generator  must  be  chosen. 

We  now  proceed  to  investigate  the  output  of  a  rotary 
converter  as  compared  with  that  of  an  ordinary  direct-current 
generator.  The  output  of  the  latter  is  not  determined  so 
much  by  considerations  of  heating  as  of  armature  reaction, 
and  the  danger  of  sparking  consequent  thereupon.  In  the 
rotary  converter,  on  the  contrary,  armature  reaction  is 
altogether  small,  and  the  limit  to  the  output  is  to  be  found  in 
the  heating  by  ohmic  resistance.  In  order  that  we  may  have 
a  convenient  basis  for  the  comparison,  we  will  assume  the  same 
armature  to  be  driven  first  mechanically  and  next  electrically 
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by  an  alternating  current,  and  in  each  case  to  deliver  the 
same  direct  current.  We  have  to  calculate  the  heating  in  the 
armature  windings  for  the  two  kinds  of  driving.  For  simplicity 
we  will  carry  out  the  calculation  for  two-pole  machines  only ; 
the  results  will  clearly  hold  good  for  multipolar  machines  also. 
We  will  also  assume  that  the  alternating  currents  and  E.M.F.'s 
follow  a  sine  law.  Both  assumptions  are,  as  a  matter  of  fact, 
incorrect,  but  indispensable  to  simple  treatment.  The  error 
involved,  however,  is  small. 

Single- Phase  Converter  Working  in  Phase. 

In  Fig.  184  the  outer  circle  represents  the  armature  winding, 
and  d  f  the  continuous-current  brushes.  The  two  points 
a  and  b,  opposite  to  one  another,  are  the  points  in  the 
armature  winding  connected  to  the  slip  rings,  S.  The  current 
taken  from  the  direct-current  side  we  will  call  2  c,  so  that  at 
each  half  of  the  armature  a  continuous  current  c  is  flowing. 
We  will  suppose  an  alternating  current  whose  virtual  value 
is  2  i,  and  whose  maximum  value  is  2  I,  to  be  supplied  to  the 
armature. 

If  e  is  the  E.M.F.  on  the  direct-current  side,  then  the 
virtual  value  of  the  alternating  E.M.F.  is,  disregarding  all 

losses,  — ,    and    since    the    power    supplied    and    the    power 
2 

delivered  are  equal1 


2  i  

=  2  c  e. 

2 

T 

Since 

i 

1 

"71 

If  n  is  the  number  of  interlinked  phases   then,  generally, 
2  c  ""~  F  T  =  n  i  k  ~—  F  - 


Therefore,  quite  generally  for  any  number  of  phases, 


therefore 
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The  value  ^  depends  merely  upon  the  ratio  of  the  pole 
breadth  to  the  pole-pitch — i.e.,  upon  the  form  and  arrange- 
ment of  the  field.  For  practical  purposes,  we  have  to  deal 
with  a  pole  breadth  of  at  most  two-thirds  and  at  least  one-half 
of  the  pitch.  A  field  which  fades  off  according  to  a  sine  law 
is  a  case  of  purely  theoretical  interest ;  in  this  case  the  value 
of  rj  is  2.1 


A  machine  fulfilling  this  condition  is,  however,  not  practically 
possible,  and,  besides,  would  have  no  advantages.  We  thus 
have  for  rj  the  following  values  : 

Theoretical  limit »/  =  2 

Pole  breadth  =  two-thirds  of  the  pitch rj  =  i'g 

Pole  breadth  =  one-half  of  the  pitch r\  =  i'72 

Let  d  be  the  positive  and  /  the  negative  brush ;  then  at 
the  instant  to  which  the  drawing  relates  a  current  enters  the 
armature  at  a,  and  an  equal  current  leaves  it  at  b.  Since  the 
armature  runs  synchronously  with  the  alternating  current,  and 
there  is  no  phase  displacement,  the  strength  of  the  current 
entering  at  a  is  2  I  cos  a. 

This  current  divides  to  the  right  and  left,  so  that  there  is  in 
each  branch  of  the  armature  winding  a  current 
I  COS  a  =  r\  c  cos  a. 

1  Steinmetz  has  dealt  with  this  case  (see  Elektrotechnische  Zeitschrift,  1898,  Nos.  9 
and  10). 
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Besides  this,  the  current  c  flows  through  the  armature 
winding  by  the  paths  fad  and  /  b  d.  If  we  consider  that 
direction  of  current  positive  which  coincides  with  the  direction 
of  the  direct  current,  we  have  the  following  currents  in  the 
four  segments  of  the  armature  : 

In/  a  ..............................  c  (i  -  tj  cos  a) 

In  a  d  ..............................  c  (i  +  t]  cos  a) 

In/  b  ........  ......................  c  (i  +  ri  cos  a) 

In  b  d  .............................  o  c  (i  -  t]  cos  a) 

If  r  is  the  ohmic  resistance  of  the  armature  winding  within 
the  angle  i  (expressed  in  degrees  this  angle  is  i8o/x  =  57°  19'  30") 

so  that  —  —  is  the  total  resistance  of  the  two  halves  of  the 
2 

armature,  then  the  resistance  of  the  armature  segments  is 
ra  and  r  (TT-O),  and  the  power  lost  through  ohmic  resistance 
at  that  instant  is  — 

In  fa  and  b  d  ......   2  r  c2  (i  -  t]  cos  a)2  (IT  -  a) 

In  ad  and/6  ......   2  r  c2  (i  +  q  cos  a)2  a. 

The  work  transformed  into  heat  in  the  time  dt  is 

dW  =  2  re2  [(i-fl  cos  a)2  (TT  -  a)  +  (i  +  r,  cos  a)2  a]  dt. 

Writing  &>  for  the  angular  velocity  of  the  armature,  "~N-~-  for 
the  frequency  of  the  alternating  current,  and  T  for  the  periodic 
time 


O)  2    7T  ^ 

Since  the  work  lost  in  a  half  revolution  is 
'  d  W 

0 

and  the  mean  value  of  the  power  wasted  is 


H  I 

pw  =   P  ^  d  W  =   -   I"  d  W. 

7o    T  7T    Jo 


If  we  substitute  in  d  W  the  differential  of  the  angle  for  that 
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of  time,  and  alter  the  limits  of  the  integral  accordingly,  we 
have 

PW>  =  —  —  /     [(i  -  )j  cos  «)2  (TT  -  a)  +  (i  +  q  cos  a)2  a]  da. 

T     Jo 
Rearranging,  we  get 

2  r  c2   fir 
Pw  =  /     (TT  -  2  TT  tj  cos  a  +  TT  tf  COS2  a  +  A  tj  a  COS  a)  da. 

7T         /, 

Solution  of  the  integrals  gives  in  the  same  order  as  the 
members  appear  under  the  sign  of  integration 

^2,     o,     ^!,      -  8  ». 

2 

By  substituting  now  the  corresponding  values  of  tj,  we  can 
find  the  power  lost  in  heating.  The  calculation  is  so  simple 
that  we  need  not  give  it  in  detail.  The  results  are  as  follows  : 

Theoretical  limit     rj  =  2          Pw  =  2  r  °*  13-66 

7T 

in   =   |  r]   =    1-9         Pw  =    ?JL-I2'56 

7T 

m  =  \  tj  =  172     Pw  =  2  r  C'  1071 

7T 

Here  m  stands  for  the  ratio  of  pole  breadth  to  pole-pitch. 

Now  2  TT  r  c2  is  the  power  lost  in  the  armature  copper  by 
ohmic  resistance  when  the  armature  is  delivering  the  current 
2  c,  and  being  mechanically  driven. 

If,  then,  exactly  the  same  power  is  to  be  lost  in  both  cases 
(mechanical  and  electrical  driving),  we  must  put 

pw  =  2  IT  r  Cj2. 

From  this  formula  c  may  be  determined,  and  consequently 
the  ratio  between  the  powers  which  the  machine  will  give 
'when  it  is  driven  on  the  one  hand  as  'a  rotary  converter,  and 
on  the  other  as  a  mechanically-driven  direct-current  generator. 

In  the  theoretical  limiting  case  of  which  Steinmetz  has 
treated  in  the  article  above  referred  to 

2  TT  r  c,2  =  2  r  ^  13-66 
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13-66 


c  =  0^85  C]. 

With  equal  heating,  therefore,  the  machine  as  a  converter 
will  only  deliver  85  per  cent,  of  the  power  which  it  would 
deliver  as  a  mechanically-driven  generator.  This  case  has, 
however,  as  has  already  been  stated,  no  practical  meaning. 
For  machines  as  they  are  actually  constructed  rj  is  smaller, 
and  consequently  the  output  greater.  We  thus  find  that  for 

m  =  §,  17  =  i'g    and  c  =  0*88  cl 
m  =  ?,  1  =  1*72  and  c  =  0-95  cl 

A  machine  whose  pole  breadth  is  equal  to  §  pitch  gives 
12  per  cent,  less,  and  one  whose  pole  breadth  is  £  pitch  only 
5  per  cent,  less,  than  it  would  if  employed  as  a  simple  direct- 
current  generator.  This,  of  course,  only  holds  good  when 
0  is  o.  If,  however,  there  is  phase  displacement  between 
current  and  E.M.F.,  the  converter  operates  to  less  advantage, 
since  the  power  diminishes  in  the  ratio  of  the  cosine  of  the 
angle  of  lag. 

Single-  Phase  Rotary  Converter  with  Phase  Displacement. 

If  the  current  phase  is  thrown  forward  by  an  over-excited 
field,  then  the  alternating  current  arrives  at  its  maximum  in 
Fig.  185  before  the  connection  a  has  reached  the  brush  d.  If 
the  corresponding  angular  displacement  —  that  is,  the  phase 
displacement  —  is  0,  then 


The  alternating  power  is 


.   e  -  cos  0  =  2  e  c 
2 

I  =  c    2   J~2 


k  cos 
Putting  *  =  ATT% 
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we  have,  as  before,  I  =  rj  c, 

only  that  r\  now  has  higher  values  than  before. 

From  considerations  similar  to  those  above  we  have 

Pw  =   2J^L  I    [(i  -  ^cosa)2(7r  -  /3)  +  (i  +  >?cosa)2/3]  da, 

TT       J  n 


(TT  -  2  TT  r)  COS  a  +  TT  jf  COS2  a  +  4  17  a  COS  a)  ^a, 


2  re- 


cos  a  da. 


The  first  integral  is  exactly  the  same  as  when  working  in 
step,  the  second  is  fresh.  Since  the  integral  of  a  cosine  between 
the  limits  of  o  and  TT  is  nothing,  this  member  vanishes.  It  is 


FIG.  185. 

noteworthy  that  even  for  negative  values  of  0 — i.e.,  for  a  lagging 
current — the  second  integral  is  zero.  It  follows,  therefore,  that 
the  numerical  value  of  <j>  alone,  but  not  its  sign,  is  of  any 
importance.  Whether  the  phase  displacement  is  positive  or 
negative  makes  no  difference  to  the  output  of  the  rotary 
converter.  The  only  essential  thing  is  the  absolute  value  of 
the  phase  displacement  in  so  far  as  it  increases  t].  Solution  of 
the  first  integral  to  the  right  gives,  as  before, 


\     O, 


By  giving  various  values  to   cos  <f>,  we  can  in  the  same  way 
as  was  before  done  for  cos  0  =  i  express  the  output  of  the 
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converter  as  a  percentage  of  its  output  as  a  direct-current 
generator.  The  calculation  is  too  simple  to  need  repetition 
here,  and  the  results  are  given  in  the  following  table  : 

cos  0  = i  0-9  0-8  07 

Theoretical  limiting  case 85  78  69  60 

Pole  breadth  =  two-thirds  of  pole-pitch 88  81  73  63 

Pole  breadth  =  one-half  of  pole-pitch 95  88  80  70 

As  the  table  shows,  machines  as  practically  constructed 
give  in  all  cases  a  larger  output  than  the  theoretical  machine, 
whose  field  follows  an  exact  sine  function.  It  is  thus  pur- 
poseless, and  even  disadvantageous,  to  strive — say  by  shaping 
the  pole-pieces — after  a  close  approximation  to  a  sine  function. 

Four- Phase  Converter. 

Since  a  two-phase  current  can  only  be  sent  through  the 
armature  of  a  converter  by  a  quadrangular  connection  (corre- 
sponding to  the  mesh  connection  for  three-phase  currents), 
and  since  each  side  of  the  quadrangle  may  be  regarded  as  one 
phase,  a  rotary  converter  driven  by  two-phase  currents  is,  in 
point  of  fact,  a  four-phase  converter.  In  Fig.  186  let  ^  a.2  be 
the  connection  points  for  phase  a;  6:  b2  those  for  phase  b. 
Let  the  brushes  be  at  d  and/.  If  we  again  regard  the  direction 
of  the  direct  current  as  positive,  then  both  phase  currents  are 
negative  in  the  quadrant  a^  blt  and  in  the  quadrant  a^  b2  the 
current  of  phase  a  is  negative,  while  that  of  phase  b  is  positive. 
The  resultant  two-phase  current  in  the  quadrant  ax  b:  is 

i  =   -  I  (cos  a  +  sin  a). 

Here  I  stands  for  half  the  maximum  value  of  the  current  in 
one  phase. 

This  expression  holds  good  for  all  positions  of  this  quadrant, 
and,  of  course,  for  the  other  quadrants  also,  if  we  give  the 
proper  sign  to  the  angle  a  reckoned  from  the  line  o  d. 

Since  it  may  easily  be  shown  trigonometrically  that 

•     /         ""\    /- 
cos  a  +  sin  a  =  sin  (a  +  —  j  V2, 

we  have  i  =    -  I   \/2  si 
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and  the  maximum  value  of  the  resultant  current  in  one  phase, 
is  I  \/2.  This  is  on  the  assumption  that  there  is  no  phase 
displacement. 

The  maximum  value  occurs  when  a  =  — ;  i.e.,  at  the  instant 

4 
when  the  quadrant  is  exactly  front  of  a  pole.     At  this  instant 

the  E.M.F.  induced  in  the   —  conductors  in  the  quadrant  is 

4 

also  a  maximum,  whereas  it  is  zero  when  the  quadrant  is  in 
line  with  the  brushes.  The  virtual  value  of  the  E.M.F.  is 

f    -   ^       k  F  T 
&(L  —        **~~s  K  r  —  • 

4 
The  direct-current  E.M.F.  is 

ea  =  ""  —  F  T, 

hence  ea  =  ed  ~. 

4 

Since  the  virtual  current  in  the  quadrant  is  I,  the  power  of 

k 
the  two  alternating  currents  together  in  one  quadrant  is  I  e — , 

and  that  in  the  whole  armature  is  I  e  k.  This  is,  apart  from 
losses,  the  value  of  the  power  on  the  direct-current  side 

2  e  c  =  I  ek  ;         I  =  %  c. 
k 

The  maximum  value  of  the  resultant  alternating  current  in 
one  quadrant  is  ->/2  times  as  large. 

T  2    N/2~ 

Ii    =    — ^ C,  or  11   =   r\  C. 

Here  values  of  k  are  to  be  inserted  corresponding  to  a  coil 
breadth  equal  to  half  the  pole-pitch.  We  then  have 

for  m  =  |  % 

rj  =  1-32        1-21. 

If  there  is  phase  displacement,  It  must  be  increased  in  the 
ratio  of  cos  <f>  :  i ;  the  values  of  *j  are  therefore  to  be  divided 
by  cos  0. 


480  DYNAMOS,    ALTERNATORS, 

We  now  proceed  to  determine  the  power  absorbed  by  copper 
heating  in  the  armature;  first  of  all,  on  the  assumption  of  no 
phase  displacement. 

For  convenience  in  calculation,  it  is  advisable  to  introduce 
the  angle  formed  by  the  centre  line  of  the  quadrant  with  o  d. 
Calling  this  angle  ft,  we  see,  from  Fig.  187,  that 

(3  =  a  +  -,  and  i  =  c  t)  sin  ft. 
4 

To  arrive  at  the  power  wasted  in  one  quadrant,  we  integrate 
the  work  done  between  the  limits  ft  =  o  and  ft  =  ir,  and  divide 
by  half  the  periodic  time.  The  integration  may  be  conveniently 
effected  in  three  steps  —  viz.,  from  ft  =  o  to  ft  =  7r/4  ;  then 
from  ft  =  -7T/4  to  ft  =  f  TT  ;  and,  finally,  from  (3  =  f  TT  to 
ft  =  TT.  The  last  step  is  numerically  equal  to  the  first  ;  we 
need,  therefore,  merely  to  double  the  first. 

At  the  instant  to  which  Fig.  187  relates  the  current  in 

a  d  is      c  +  c  r\  sin  ft  ;  and  in 
b  d  it  is  c  -  c  rj  sin  ft. 

Keeping  the  length  of  the  coil  segments  in  view,  we  see  that 
the  differential  of  the  work  wasted  is  thus 


Now  since  dt 


j     Q 


27T 


we  have  for  the  work  corresponding  to  the  first  and  third  steps 
the  expression 

7T 

Wa  +  W3  =    -^—  ('  (i  +  r,2  sin2  ft  -   ?  r,  ft  sin  ft]  dft. 

2    "^vx    J  o      \  TT 

This  works  out  to 

w,  +  ws  -  ^ 

^ 


7T  V  4 

The  differential  of  the  work  wasted  in  the  second  step  is 
d  W2  =  c2 


\V, 
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4 

which  amounts  to 

w.,  =  -^L-  r'V^Y*.* 

4  -^  L2  V  4        2. 

Now  the  power  wasted  in  one  quadrant  is  obviousl 

w'  +  w.  +  w. 


and  that  in  all  four  quadrants  —  i.e.,  in  the  whole  armature—  is 
four  times  as  great  ;  that  is 

Pw  =  8  -^  (Wx  +  W2  +  \V8). 


FIG.   187. 

Inserting  the  values  for  Wa  +  W3  and  W2,  we  have 

p,--r(.-  +  -*-^'0,     • 

P»  =  c2  r  (6'28  +  3-14  *?  -  7*2  q). 
If  the  pole  breadth  is  two-thirds  of  the  pitch, 

k  =  2-13  and  tj  =  1-32. 
If  the  pole  breadth  is  one-half  of  the  pitch, 

k  =  2*32  and  >/  =  i'2i5- 
Inserting  these  values  in  the  formula  for  P,r,  we  have  when 

in  =  |,  P;r  =  2*24  c2  r 

m  =  $,  P,(.  =  2*20  c-  r. 
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If  the  same  armature  were  mechanically  driven  and  employed 
to  generate  direct  currents,  the  power  wasted  when  the  current 
is  2  Cj  is 

Pw  -  6-28  Ci2r. 

This  is  to  be  equal  to  the  power  wasted  in  the  converter. 
Hence  if  m  =  f 

2  =  6*28  C2 


2*24  c 


1-67  Cj. 


Therefore  the  machine  as  a  converter  generates  67  per  cent. 
more  than  if  it  were  run  as  an  ordinary  direct-current  machine. 

We  find  in  the  same  way  that  if  m  =  j,  the  extra  power  is 
69  per  cent.  These  figures  show  that  the  pole  breadth  exerts 
but  little  influence  on  the  output  of  a  four-phase  converter. 
The  field  may  therefore  be  designed  entirely  with  reference  to 
the  direct-current  side,  and  without  taking  the  alternating- 
curent  side  into  consideration  at  all. 

Three=  Phase  Converter. 

Let  a  b,  in  Fig.  188,  be  a  segment  of  the  armature  winding 
whose  centre  line  makes  the  angle  a  with  the  vertical  at  the 
instant  under  consideration.  Since,  as  a  whole,  the  alternating 
current  is  opposed  to  the  direct  current,  the  instantaneous 
direction  of  the  alternating  current  must  be  from  a  to  b,  if,  as 
before,  we  take  d  to  be  the  positive  brush.  With  no  phase 
displacement  we  have,  therefore, 


Current. 
In  segment  ad    c  +  I  sin  a 


In  segment  b  d 


-  I  sin  a 


Resistance. 


-    +    a 


For  values   of  a   lying   between  -   and    f   if  we    have    in 


segment  a  b 


Current 


c  -  I  sin  a 


Resistance  .. 
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Since  the  segment  contains  -  wires,  the  virtual  value  of  the 
E.M.F.  induced  in  it  is 


The  direct-current  E.M.F.  is 

e  =  —-^  F  T, 

whence  ea    =  —  e. 

3 

If  i  is  the  virtual  value  of  the  alternating  current  in  one 
segment,  it  follows  from  the  condition  of  equality  of  power 
that  2  e  c  =  3  ea  i 

2  e  c  =  k  e  i 


The  maximum  value  of  the  alternating  current  is  \/2  times 
as  great 

I  =  c. 


-nr- 

then  we  have,  as  before, 


For  convenience,  we  may  again  calculate  the  waste  work  in 
three  steps  —  viz.,  Wi  for  «  =  o  to  a  =   -;  W3  for  a  =  |  TT  to 

«•=*•;  and  W,  for  o  —  -  to  a  —  f  *.    \Vl  and  W3  are  equal. 
d  \ 


i  =  I  c2  (i  +  >j  sin  a)2  r  (-  -  a  J  +  c'2  (i  -  >?  sin  a)2  r  (*  +  a\     dt. 
j  =      c2y      [s  (  §  +  §  ,j-  sin2  a  -  4  »;  a  sin  a  )  da. 

2   -^   7        \ 


31* 
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The  solution  of  the  integral  gives 

w,  -  -* 


8  J        r  \  2         6 
For  the  second  step 

d  W2  =  c1  (i  -  t]  sin  a)-  r  f  -  dt 

•     W9  =      C          f     (i  -  2  OT  sin  «  -f  i/2  sin-  «)  rf«. 
•3^—  /»/, 

Solution  of  this  integral  gives 
W2 


4 
The  work  wasted  in  the  segment  during  one  half  period  is 

W  -  2  Wj  +  Wo, 
and  the  corresponding  power  is 

P'"    =    (2  W,    +    W2)   2   -_. 

Substituting  the  values  for  \Vl  and  W2,  we  get  the  following 
expression  for  the  power  wasted  in  the  whole  armature : 

P?(.  =  c-  r  (2  TT  +  i/-  TT  -  >/  6" 62) 
P,r  =  c-  r  (6-28  +  if  3-14  -  »/  6-62) 
Hence  the  following  table  : 

m  =  'i  I 

k   =  I-Q4  2'12 

i  ^          i'45  1'33 

P((.  =          3'28  c-  r          3-02  c-  r 
c  =          1*38  6'i  i '44  c\ 

The  machine  thus  delivers  as  a  converter  38  per  cent,  and 
44  per  cent,  more  power  than  it  would  with  equal  copper 
heating  as  a  direct-current  generator,  according  as  it  has 
broad  and  narrow  poles  respectively. 
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The  three-phase  connections  given  in  Fig.  183  may 
obviously  be  turned  into  six-phase  connections  by  separating 
the  secondary  coils  in  the  transformer  and  providing  the 
armature  with  three  pairs  of  slip  rings.  Each  secondary  coil 
then  feeds  one  pair  of  slip  rings  as  in  a  single-phase  converter. 
We  thus  arrive  at  the  arrangement  sketched  in  Fig.  189. 

A  is  the  armature,  C  the  commutator,  and  S  the  six  slip 
rings.  These  latter  are  connected  in  pairs  to  the  secondary 
coils  by  the  connections  aL  a2,  bt  b.2)  cx  c2 ;  the  primary  coils 
are  Y  connected,  and  their  three  free  ends,  p,  connected  to 
the  transmission  line.  Since  the  six  feeding  points  are 
interlinked  in  the  armature  itself,  we  really  have  a  six-phase 
converter  with  hexagon  connections.  A  simple  investigation, 
which  need  not  be  reproduced  here,  shows  that  the  maximum 


FIG.  189. 

value  of  the  resultant  alternating  current  in  each  side  of  the 
hexagon  is  equal  to  the  maximum  value  of  the  current  given 
from  one  secondary  coil  of  the  transformer,  and  that  if  there 
be  no  phase  displacement,  this  maximum  value  occurs  at  the 
instant  when  this  one-sixth  of  the  armature  winding  is  just 
opposite  the  middle  of  a  pole.  The  wasted  power  may  be 
calculated  by  the  same  method  as  that  employed  above  for 
the  three  and  four  phase  converter ;  it  need  not,  therefore, 
be  carried  out  here  in  detail.  The  result  is,  as  might  be 
expected,  more  advantageous  than  in  the  case  of  the  four- 
phaser,  since  the  armature  delivers  almost  double  the  power 
(if  there  be  no  phase  displacement)  that  it  would  give  as  an 
ordinary  mechanically-driven  direct-current  generator.  The 
pole  breadth  has  no  effect  when  there  is  no  phase  displace- 
ment, and  onlv  a  small  effect  when  there  is. 
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Epitome  of  Results. 

It  is  convenient  for  practical  requirements  to  collect  the 
results  obtained  here  into  tabular  form.  The  three,  four,  and 
six  phase  converters  have  only  been  investigated  when  working 
in  phase.  A  method,  similar  to  that  employed  for  the  single- 
phase  converter,  may  be  employed  to  determine  the  waste 
power  when  there  is  a  phase  displacement;  it  is,  however, 
very  lengthy,  an4  if  carried  out  here  would  burden  this  volume 
unnecessarily  with  a  mass  of  lengthy  formulae.  Besides,  great 
exactitude  is  not  needed  in  practice  in  determining  the 
copper  losses  when  current  and  pressure  are  not  in  phase, 
for  the  excitation  will  always  be  so  adjusted  as  to  produce 
synchronism  at  full  load.  Lead  or  lag  will  occur  at  lower 
loads  as  a  rule,  but  the  increase  in  copper  heating  is  not  then 
of  much  importance  because  the  absolute  power  is  less,  and 
consequently  also  the  copper  loss  less.  In  the  following  table, 
therefore,  the  power,  when  there  is  phase  displacement,  has 

been    determined    simply    by   putting    ~ —    for     the    factor 

cos  (j> 

of  c.  The  values  so  obtained  are  quite  correct  for  the 
single-phaser,  and  approximately  so  for  the  three,  four,  and 
six  phasers.  For  the  sake  of  completeness,  I  have  retained 
the  values  obtained  by  Steinmetz  in  the  work  cited  above 
for  the  limiting  theoretical  case  of  a  field  fading  off  according 
to  a  sine  function. 
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OUTPUT  OF  A  ROTARY  CONVERTER  EXPRESSED  AS  A  PERCENTAGE  OF  THE 
OUTPUT  IT  WOULD  BE  'CAPABLE  OF  DELIVERING  AS  A  DIRECT- 
CURRENT  GENERATOR  WITH  THE  SAME  COPPER  Loss  IN  THE 
ARMATURE. 


Type  of  Con  verier. 

Phase 

Steinmetz's  Theoretical 

Pole        ! 
Breadth. 

3          A 

Single-phase  con-  < 
verter.           | 

cos  </>  =•  1 
=  0-9 
=  0-8 
=  0-7 

85 

88       95 
81       88 
73       80 
63       70 

Three-phase  con-  1 
verter.           | 

cos  <j>  =  1 
=  0-9 
=  0-8 

154 

138     144 
128     137 
117     126 

Two  or  four  phase  1 
converter.         \ 

cos  <t>  =  1 
=  0-9 
=  0-8 

164 

167     170 
160     167 
144     153 

Six  -  phase   con-  j 
verter.           1 

'.  ;  , 

COS  0    =    1 

=  0-9 

=  0-8 

196 

198     199 
192     196 
177     188 
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CHAPTER  XX. 

Practical    Considerations    in    the    Design    of    Alternators — 
Examples   of   Alternators. 

Practical  Considerations  in  the  Design  of  Alternators. 

Since  alternating  currents  are  generally  employed  where 
power  has  to  be  transmitted  electrically  to  great  distances, 
and  since  for  economical  reasons  such  installations  cannot 
be  carried  out  on  a  small  scale,  it  follows  that  alternators 
built  for  high  pressures  are,  as  a  general  rule,  machines  of 
considerable  output.  This  does  not  mean  that  alternators 
are  not  built  for  moderate  pressures,  or  that  direct-current 
generators  are  not  also  built  for  large  outputs ;  the  latter 
may  be  built  as  readily  for  large  as  for  small  outputs. 
When,  however,  we  are  dealing  with  pressures  of  several 
thousand  volts,  the  small  machine  is  at  a  disadvantage 
owing  to  the  relatively  large  space  needed  for  insulation, 
whereas  in  large  machines  it  does  not  matter  much  whether 
the  layers  of  insulation  are  thicker  or  thinner  by  a  few  milli- 
metres. A  large  generator,  therefore,  is  more  easily  built  so 
as  to  be  reliable  for  high  pressures  than  a  small  one,  and 
since  the  mode  of  employment  also  tends  to  machines  of 
large  output,  it  may  be  said  that  high-pressure  generators 
are,  as  a  rule,  machines  of  large  output.  Belt  driving  is,  of 
course,  avoided  as  much  as  possible  for  such  machines,  a 
direct  coupling  to  a  turbine  or  steam-engine  being  preferred'. 
Attention  must  be  paid  to  the  bearing  of  the  flywheel  in 
steam  dynamos.  It  would  be  quite  false  to  put  the  flywheel 
on  one  side  of  the  engine  and  the  dynamo  on  the  other, 
since  the  shaft  with  the  cranks  would  then  come  between 
the  flywheel  and  the  armature  as  an  elastic  coupling,  an 
arrangement  very  liable  to  produce  hunting.  It  is  best  to 
put  the  flywheel  in  the  armature  itself;  where  this  is  impos- 
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sible,  it  should  be  put  as  near  as  may  be  to  the  armature, 
in  order  that  that  piece  of  the  shaft  which  acts  as  an  elastic 
coupling  may  be  as  short  as  possible.  The  points  to  be 
sought  for  in  a  generator  are  solid  construction,  noiseless 
running,  small  heating,  high  efficiency,  small  pressure  drop, 
high  insulation,  and  ready  accessibility  of  the  parts.  A 
stationary  armature  is  preferable  to  a  rotating  one,  whereas 
it  is  of  no  importance  from  the  practical  standpoint  to  have 
the  field  coils  stationary.  The  field  coils  do  not  carry  a 
high  pressure,  and  their  insulation  is  not  difficult.  Further, 
the  weight  of  the  field  coils  is  not  so  great  that  it  is  a 
matter  of  importance,  in  respect  to  centrifugal  force,  whether 
they  rotate  or  are  stationary.  Stationary  field  coils,  however, 
necessitate  the  employment  of  similar-pole  fields,  which  are 
heavier  than  alternate-pole  fields,  and  require  heavier  arma- 
tures. As  a  rule  the  iron  losses  are  greater  in  similar-pole 
machines  than  in  alternate-pole  machines,  but  the  former 
type  may  have  practical  advantages  when  built  for  fairly 
high  speeds  and  not  too  large  an  output.  The  humming 
of  generators  may  be  due  to  a  too  weak  construction,  or 
may  be  a  fault  of  the  particular  type.  If  the  holes  in  the 
armature  are  very  large  the  field  will  fluctuate,  and  even  if 
the  machine  is  very  strongly  built  it  will  not  run  noiselessly. 
If  the  magnet  cores  of  a  field  with  radial  poles  are  made 
very  long,  they  may  act  like  large  tuning  forks  under  certain 
conditions,  and  thus  give  rise  to  a  loud  humming.  Machines 
with  toothed  armatures  are  particularly  liable  to  this  fault. 

The  heating  of  machines  causes  no  difficulty  with  reasonably 
careful  design,  and  may  be  kept  within  reasonable  bounds. 
The  peripheral  velocity  varies  between  18  m.  and  30  m.  per 
second  ;  ventilation  is,  therefore,  very  energetic,  and  may  also  be 
assisted  by  air-ducts  in  the  outer  casing,  so  that  a  considerable 
amount  of  heat  may  be  easily  carried  off.  An  important  point 
which  determines  the  heating  as  well  as  the  efficiency  is  the 
quality  of  the  armature  laminations.  In  this  connection 
nothing  should  be  spared,  but  the  principle  should  be  followed 
that  the  best  iron,  even  when  it  is  the  dearest,  is  only  just  good 
enough  for  the  armature  ;  for  the  better  the  iron,  the  higher 
may  it  be  loaded  magnetically,  the  less  the  material  needed, 


4QO 


DYNAMOS,     ALTERNATORS, 


and  the  higher  the  efficiency  for  a  given  output.  A  small 
pressure  drop  is  in  all  cases  desirable,  and,  in  so  far  as  a  high 
short-circuit  current  may  be  regarded  as  an  indication  of  a 
small  pressure  drop,  a  high  short-circuit  current  is  to  be 
striven  after.  In  itself,  however,  a  heavy  short-circuit  current 
is  by  no  means  an  agreeable  feature  of  a  machine,  for  the 
danger  of  injury  to  the  machine  in  the  event  of  a  possible 
short-circuit  on  the  mains  is  thereby  increased.  The  point  to 
be  aimed  at  in  the  design  is  a  small  pressure  drop  combined 
with  a  moderate  short-circuit  current,  and  this  may  be 


FIG.   190. 

attained  by  a  suitable  design  for  the  magnetic  path.  To  this 
end  we  must  so  design  the  machine  that  its  characteristic 
may  be  as  flat  as  possible  in  the  region  of  the  working 
point,  which  may  be  attained  by  the  introduction  of  a  con- 
siderable magnetic  resistance,  preferably  in  the  field  magnets. 

Examples  of  Alternators. 

In  illustration  of  the  manner  in  which  the  principles  set 
forth  in  the  preceding  chapter  find  application  to  the 
construction  of  generators,  it  may  be  well  to  give  here  a 
description  of  a  few  of  these  machines.  It  is  not  the 
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author's  purpose  to  make  a  complete  collection  of  such 
examples,  for  that  would  take  us  far  beyond  the  scope 
of  this  book,  and  is,  moreover,  unnecessary,  since  characteristic 
examples  and  detailed  calculations  have  been  given  in  the 
author's  work,  "  Pynamo  Construction  —  Electrical  and 
Mechanical."  The  following  descriptions  are  therefore  only 
to  be  regarded  as  a  small  selection  from  a  large  number  of 
designs  that  have  stood  the  test  of  practice.  The  author 
has  to  thank  the  respective  manufacturing  firms  for  the 
material  for  these  descriptions. 


FERRANTI'S  MACHINE. — The  field  magnets  have  wrought- 
iron  cores,  and  are  attached  to  a  cast-iron  frame,  the  two 
halves  of  which  are  bolted  together.  The  exciting  coils  are 
wound  on  brass  formers,  and  are  so  connected  that  successive 
poles  have  opposite  signs,  and  that  opposite  poles  have 
opposite  signs.  The  lines  of  force  thus  cut  the  armature  at 
right  angles  everywhere. 

The  cores  round  which  the  conductor  is  wound  are  made  of 
laminations  of  brass  and  asbestos  (Figs.  190  and  191).  The 
radial  brass  strips  have  a  longitudinal  corrugation  pressed  in 
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them,  so  that  when  placed  together  these  form  keys  to  prevent 
any  individual  strip  being  displaced.  The  thickness  of  the 
asbestos  between  the  laminations  is  increased  along  the 
radius,  so  as  to  give  the  necessary  angle  to  the  core.  When 
the  core  is  built  up  to  the  correct  shape,  it  is  clamped  firmly, 
and  a  brass  connection  is  burnt  on  to  the  thin  end.  This  is 
done  by  running  molten  metal  over  the  ends  of  the  strip  till 
they  fuse  together,  and  during  this  operation  they  are  pressed 
up  together  along  with  the  asbestos  sheet.  The  core  is  then 
machined  at  both  ends  to  the  proper  shape,  and  the  solid 
brass  end  is  drilled  for  the  bolt,  which  acts  as  an  electrical 
and  mechanical  connection.  The  inside  end  of  the  copper 
conductor  is  brazed  on  to  this  solid  end.  This  copper  strip 
also  has  a  corrugation  in  it  to  prevent  side  displacement,  and 
is  wound  bare  with  a  strip  of  fibre  as  insulation  between  the 
succeeding  turns.  A  high  stress  is  kept  in  the  strip  while 
being  wound,  and  this  forces  the  insulation  well  into  the 
groove,  which  securely  keys  the  turns  together.  In  mounting 
the  coils,  one  carrier  is  provided  for  each  pair  of  coils,  as 
.shown  in  Fig.  190.  There  is  a  sheet  of  ebonite  insulation  on 
each  side  of  the  coil  when  placed  in  the  carrier,  but  the  bolt 
which  secures  the  coil  in  situ  also  connects  the  inner  end  of 
the  conductor  to  the  carrier.  Hence  the  carrier  connects  the 
two  inside  ends  of  the  coils  it  holds.  The  outside  ends  of  the 
conductors  are  joined  where  the  coils  in  adjacent  carriers 
touch.  This  is  done  by  brazing  the  two  outside  ends  together 
before  the  coils  are  fixed  into  position.  With  this  system  of 
connection,  it  is  clear  that  the  individual  carriers  must  be  well 
insulated  both  from  the  frame  and  from  each  other.  The 
shank  of  the  carrier  is  first  insulated  with  porcelain  where  it 
passed  into  the  hole  in  the  driving  ring.  This  ring  is  hollow 
inside,  and  a  large  rectangular  nut  is  then  keyed  on  to  the 
shank  so  that  it  leaves  a  small  space  all  round.  Sulphur 
compound  is  then  run  into  this  space,  and  both  firmly  clamps 
the  nut  by  expansion  and  also  insulates  it.  The  porcelain 
insulation  is  used  to  give  a  greater  surface  insulation,  and  also 
for  fear  a  spark  should  ignite  the  sulphur  if  it  was  exposed. 
The  two  halves  of  the  armature  are  connected  in  parallel  so  as 
to  reduce  the  maximum  voltage  between  any  two  coils. 
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In  a  245-kw.  machine,  when  working  at  2,400  volts,  we 
get  200  volts  produced  in  each  bobbin,  and  hence  a  maximum 
difference  of  potential  of  400  volts  between  the  two  adjacent 
bobbins  in  one  carrier.  At  this  place  ebonite  strips  are 
introduced  to  tighten  up  the  armature  coils,  and  these  strips 
thus  give  special  insulation  where  it  is  needed.  The  lower 
ends  of  the  coils  are  blocked  up  in  the  carrier  by  means  of 
insulated  metallic  segments  (shown  in  Fig.  191).  This 
method  of  connecting  the  armature  is  exceedingly  convenient 
in  case  of  repairs  being  needed.  If  one  coil  should  be  injured 
by  any  mishap,  it  and  the  one  next  it  in  the  adjacent 
carrier  are  undamped  and  lifted  out  together,  and  the  con- 
nection is  completed  to  two  new  coils  by  the  simple  opera- 
tion of  bolting  them  into  place.  The  connections  from  two 
diametrically  opposite  points  on  the  armature  are  taken 
through  the  inside  of  the  main  shaft  to  two  well-insulated 
copper  rings.  The  collectors  used  are  two  half  rings  of  brass, 
with  blacklead  introduced  to  give  the  necessary  lubrication  and 
conductivity  at  the  same  time.  The  field  magnets  of  this 
machine  consist  of  wrought-iron  slabs  cast  into  the  frame  of 
the  machine.  The  frame  is  built  up  in  segments,  which,  when 
bolted  together,  embrace  the  armature.  The  exciting  coils 
are  wound  on  formers  and  slipped  on,  being  securely  fastened 
in  places.  The  oiling  arrangements  are  exceedingly  well 
devised.  The  oil  is  forced  up  in  the  bearing  at  the  underside 
of  the  shaft,  and  so  tends  to  float  it.  The  oil  pumps  at  either 
end  are  worked  by  means  of  eccentrics  fixed  to  the  shaft.  The 
power  required  to  excite  this  machine  is  supplied  by  a  current 
of  150  amperes  at  30  volts,  which  is  equal  to  r85  per  cent,  of 
the  total  output. 

The  following  are  the  details  of  the  alternator:  Volts,  2,400 ; 
amperes,  100 ;  speed,  335  ;  complete  periods,  66  per  second  : 
number  of  bobbins,  24  ;  conductor,  40  mils  by  fin.  wide ; 
number  of  turns  per  bobbin,  40  ;  insulation,  vulcanised  fibre, 
20  mils  thick ;  weight  of  armature  conductor,  250  lb.;  area 
of  pole  face,  126  square  inches  ;  exciting  coils  wound  with 
522  turns  of  i6o-mil  wire :  weight  of  whole  machine, 
18  tons  7  cwt.;  floor  space,  9  ft.  9  in.  by  13  ft.  8in.:  height, 
9  ft.  3  in. 
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THE  AUTHOR'S  MACHINE. — The  older  type  of  machine 
designed  by  the  author  had  a  discoidal  ring  armature  which 
rotated  between  two  crowns  of  magnet  poles.  These  machines 
were  built  by  the  Oerlikon  Factory  for  a  number  of  years,  but 
are  not  manufactured  now  because  in  them  the  high-pressure 
winding  is  in  motion.  In  the  new  machine  designed  by  the 
author  (Fig.  192),  which  is  built  by  Messrs.  Johnson  and 


FIG.  192. 

Phillips,  the  armature  is  stationary  and  the  field  magnets 
rotate  within  it.  The  field  is  designed  according  to  the  so- 
called  Lauffen  type,  and  consists  of  two  steel  castings  with 
claw-like  projections,  which  form  the  poles,  and  are  so  inter- 
spaced with  one  another  as  to  produce  a  crown  of  poles  of 
alternate  sign.  Excitation  is  effected  by  a  single  coil  placed 
in  the  space  between  the  body  of  the  field  magnet  and  its  pole- 
pieces.  The  armature  is  cylindrical,  and  carries  the  windings 
on  its  inner  edge,  which  is  turned  towards  the  poles.  Each 
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segment  carries  a  coil  which  is  embedded  in  grooves.  Each 
coil  is  first  completely  wound  and  insulated  all  over ;  the 
armature  laminae  are  then  laid  in  one  by  one,  and  the  segment 
thus  built  up.  The  end  plates  are  of  gunmetal,  and  have  lugs 
for  attachment  to  the  outer  frame.  This  design  renders  the 
coils  interchangeable.  In  order  to  prevent  fluctuations  of  the 
field  strength  owing  to  the  magnetic  resistance  of  the  butt 
between  adjacent  segments,  the  inner  contour  of  the  segments 
is  not  made  exactly  circular,  but  is  somewhat  flattened,  so  that 
the  air-gap  (distance  between  pole  surface  and  surface  of  the 
armature  core)  is  somewhat  smaller  at  the  middle  of  the  coils 
than  at  the  holes.  This  arrangement  gives  a  total  magnetic 
resistance  to  the  useful  field  which  is  very  nearly  constant  for 
all  positions  of  the  magnets  relatively  to  the  coils. 

A  power  transmission  installation  in  which  these  machines 
were  used,  was  erected  a  few  years  ago  by  Messrs.  Johnson 
and  Phillips  for  the  Sheba  Gold  Mines  in  South  Africa.  In 
the  primary  station  water  power  was  utilised  by  means  of 
turbines  to  drive  two  132-kw.  two-phase  generators  of  the 
type  just  described.  The  pressure  in  each  phase  is  3,000 
volts,  and  current  is  taken  by  underground  cables  to  a 
distance  of  nearly  five  miles,  where  it  is  employed  to  drive 
two-phase  motors  after  having  been  reduced  to  100  volts  by 
static  transformers. 

THE  MORDEY  ALTERNATOR. — This  machine  differs  in  both 
principle  and  detail  from  any  before  described.  In  this  alter- 
nator the  direction  of  the  lines  of  force  through  the  armature 
coils  is  never  reversed,  as  in  the  previously-described  machines, 
but  the  E.M.F.  is  produced  by  a  variation  of  the  magnetic 
field  through  the  coil  from  the  maximum  to  practically  zero. 
This  is  done  by  having  twice  as  many  coils  as  there  are  poles. 
Then  when  one  coil  is  directly  opposite  a  pole,  and  hence  has 
the  maximum  field  throughout  it,  the  adjacent  coils  are  mid- 
way between  two  poles,  and  have  practically  no  magnetic 
flux  passing  through  them .  The  field  -  magnet  design  for 
obtaining  a  number  of  consecutive  poles  of  the  same  polarity 
is  simple  and  easy  to  manufacture.  The  magnetic  circuit 
consists  practically  of  a  short  bar  of  cast  iron  excited  by  one 
large  coil,  and  with  inverted  claw  pole-pieces  fastened  on 
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either  end  to  form  the  returning  path  of  the  magnetic  lines. 
In  the  alternator,  the  centre  core,  of  cast  iron,  is  keyed  to 
the  shaft,  and  the  star-shaped  end  castings  having  the  number 
of  poles  required  are  bolted  against  each  face  of  this.  The 


FIG.  193. 

exciting  coil  is  wound  on  a  strong  bobbin,  which  slips  on  the 
core.  In  the  centre  of  the  coil  there  is  a  space  left  in  the 
winding  to  clear  the  armature  coils.  The  advantage  of  thus 
causing  the  armature  to  project  into  the  coil  is  that  the 
magnetic  circuit  can  be  then  shortened  radially.  The  exciting 


AND   TRANSFORMERS.  497 

current  required  is  taken  by  two  brass  rings  connected  to  the 
exciting  coils,  but  the  method  of  connecting  to  the  revolving 
ring  is  better  than  the  ordinary  brush  arrangement.  It  is 
done  by  means  of  a  flexible  band  of  copper  gauze  so  folded 
as  to  give  a  rectangular  section.  The  one  end  of  the  strip 
is  secured  to  the  terminal  and  the  other  has  a  weight  attached. 
Thus,  when  hanging  over  the  brass  collecting  ring,  the  weight 
gives  the  tension  required  to  ensure  perfect  contact.  The 
armature  coils  are  wound  on  cores  of  porcelain,  which  gives 
stiffness  and  good  insulation  without  the  disadvantages  of  the 
metallic  core — i.e.,  hysteresis  or  eddy  currents.  The  conductor 
is  a  copper  strip,  which  is  wound  bare  with  a  strip  of  insulating 
material  between  each  layer.  The  inside  and  outside  ends 
respectively  are  connected  by  flexible  conductors  through 
German-silver  clamps,  which  hold  the  outer  end  of  the  coil. 
The  frame  of  the  armature  consists  of  a  large  ring  usually 
cast  in  half  and  bolted  together  (Fig.  193).  One  radial  face 
is  machined  in  the  lathe,  and  to  this  the  coils  are  bolted.  The 
armature  coils  are  connected  half  in  series  and  the  two  halves 
in  parallel  to  prevent  a  high  potential  difference  between 
adjacent  coils. 

The  following  are  some  particulars  of  the  Mordey  alternators 
given  in  the  list.  The  loo-kw.  alternator  gives  2,000  volts 
and  50  amperes  at  430  revolutions.  The  weight  complete  is 
9  tons  i  cwt.,  and  the  floor  space  occupied  is  8  ft.  3^  in.  by 
6  ft.  4f  in.  The  armature  ring  is  5  ft.  10  in.  diameter  and  has 
28  bobbins.  There  are  14  poles  to  each  magnet  casting,  thus 
giving  100  complete  periods  per  second.  The  magnets  are 
4  ft.  8  in.  mean  diameter,  and  the  armature  ring  is  5  ft.  10  in. 
The  details  of  the  weight  are  : 

tons  cwt.   qr.     Ib. 

Shaft  o         8       3       18 

Bed-plate  2       10       2         o 

Armature    o       10       i        12 

Each  magnet  casting  i       16       2         o 

The  5o-kw.  machine  gives  2,000  volts  and  25  amperes  at  a 
speed  of  600  ;  weight  complete,  4  tons  ;  floor  space,  6  ft.  7^  in. 
by  5  ft.  6f  in.;  the  armature  ring  has  20  bobbins,  and  is 
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4  ft.  6  in.  diameter.     The  magnets  are  3  ft.  4!  in.  diameter, 
and  each  pole  has  10  pole-pieces. 
Details  of  weight : 

tons  cwt.  qr.     Ib. 

.  Each  pole  o  15  i  20 

Magnet  spool     o  13  i  22 

Armature  ring  complete o  6  o  20 

Shaft  o  2  3  15 

Bed-plate  and  bearings    i  5  3  o 

SIEMENS  AND  HALSKE'S  MACHINE. — The  single  and  poly- 
phase alternator  made  by  Messrs.  Siemens  and  Halske  has  a 
stationary  armature  and  a  revolving  magnet  star  with  alternate 
poles.  The  armature  is  enclosed  by  a  cast-iron  casing  in  two 
halves,  and  consists  of  thin  stamped  iron  sheets  arranged  with 
staggered  joints  between  two  ring-shaped  flanges  of  the  casing; 
the  flanges  are  stiffened  by  radial  ribs,  and  the  laminae  are  held 
in  position  by  bolts.  The  magnet  star  is  secured  to  a  wheel- 
shaped  iron  support  whose  hub  is  keyed  to  the  shaft.  The 
actual  field  magnets  are  built  up  of  iron  stampings,  each  of 
which  comprises  two  contiguous  limbs.  The  stampings  are 
arranged  with  staggered  joints,  thus  ensuring  a  uniform 
distribution  of  the  magnetism  as  well  as  greater  mechanical 
strength.  They  are  held  together  between  two  flanges  of  the 
wheel-shaped  support,-  and  on  to  the  pole  shoes  by  bolts. 
The  magnet  cores  are  covered  with  presspahn  after  they  have 
been  built  up  and  the  coils  wound  directly  over  this.  Two 
slip  rings  on  the  shaft  take  current  to  the  coils.  The  machine 
shown  (Figs.  194  and  195)  has  20  poles,  and  is  designed  for 
50  periods.  As  a  three-phase  machine,  its  output  is  2,000  volts 
56*5  amperes,  and  thus  on  a  non-inductive  circuit  can  supply 
196  kw.  The  armature  has  60  slots,  each  carrying  16  con- 
ductors of  copper  strand  6  x  5-5  square  millimetres.  The 
winding  is  star  connected,  and  the  resistance  of  each  branch 
is  0*22  ohm  at  15  degrees.  Each  magnet  limb  has  100  turns 
of  copper  strand  6  x  6  square  millimetres.  The  magnet 
windings  are  all  connected  in  series,  and  are  about  1*7  ohms 
at  15  deg.  ;  6'25-kw.  are  wanted  for  excitation. 

The  machine  weighs  5*8  tons  without  exciter,  and  is  belt 
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driven.     Larger   machines   are   arranged    for  direct]  coupling 
to  the  prime  mover,  and  in   this  form  have  been  very  largely 
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used  for  large  central  stations.  They  are  built  for  1,000  kw. 
and  over.  An  i,ioo-kw.  machine  reaches,  to  more  than  18  ft. 
above  the  ground,  and  weighs  65  tons.  The  internal-pole 
machine  described  on  pages  298-301  is  employed  as  exciter  for 
the  larger  sizes,  the  exciter  armature  being  mounted  direct  on 
the  shaft  of  the  alternator. 

OERLIKON  MACHINE. — Figs.  196  to  198  give  a  general  view 
and  cross-sections  of  .  a  three-phase  machine  built  by  the 
Oerlikon  Factory.  These  designs  are  due  to  Charles  Brown, 


FIG.   196. 

and  were  first  employed  on  the  well-known  transmission  from 
Frankfort  to  Lauffen.  On  this  account  this  magnet  system 
is  frequently  described  as  a  "  Lauffen  field."  The  machine 
shown  here  is  of  later  date.  The  field  system  is  characteristic, 
forming  a  disc,  on  whose  circumference  the  tooth-shaped  poles 
project  alternately  from  each  side,  so  that  successive  poles  are 
of  opposite  sign.  Excitation  is  effected  by  a  central  coil 
embedded  in  a  groove  in  the  disc-shaped  core.  The  stationary 
ring-shaped  armature  consists  of  iron  stampings,  having 
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FIG.    197. 


FIG.    198. 
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projections  directed  radially  inwards,  which  carry  coils  of 
copper  tape,  there  being  ii  times  as  many  coils  as  there  are 
poles. 

We  thus  have  to  deal  with  a  combination  of  a  short-coil 
armature  and  toothed  armature  (see  the  tables  for  k  on  pages 
342  and  343).  Since  the  gaps  between  the  armature  coils 
cause  fluctuations  in  the  induction  at  the  pole  surfaces,  the 
pole-pieces  are  faced  with  iron  stampings.  The  following  data 
refer  to  loo-h.p.  loo-volt  machines  : 

Frequency     50 

Revolutions  per  minute 500     .' 

Number  of  turns  in  field  coil     700 

Resistance  of  field  coil    2-5  ohms 

Number  of  armature  coils 18 

Figs.  199  and  200  give  cross-section  and  side  elevation  of  a 
similar-pole  machine.  The  armature  winding  is  embedded  in 
rings  of  iron  stampings  arranged  in  two  rows,  between  which 
lies  the  ring-shaped  exciting  coil  supplied  from  a  separate 
direct-current  generator.  The  rotating  part  consists  of  a  steel 
casting  shaped  like  a  toothed  wheel — a  so-called  inductor. 
In  a  loo-h.p.  three-phase  generator,  at  a  speed  of  500  and  a 
frequency  of  50,  each  armature  ring  has  36  holes,  each  con- 
taining two  bars  of  10  mm.  diameter.  The  resistance  of  each 
phase  is  0-007  ohm.  The  exciting  coil  has  513  turns  of  wire 
4*5  mm.  diameter,  having  a  resistance  of  1*9  ohms. 
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